Google 



This is a digital copy of a book that was preserved for generations on library shelves before it was carefully scanned by Google as part of a project 

to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 

to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 

are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other maiginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 

publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing tliis resource, we liave taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 
We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain fivm automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attributionTht GoogXt "watermark" you see on each file is essential for in forming people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liabili^ can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 

at |http: //books .google .com/I 



T-i-noT-ns 



I 



HARVARD UNIVERSITY 



LIBRARY OF THE 



Department of Education 



COLLECTION OF TEXT-BOOKS 
Contributed by tbe Publisbeis 



TRANSFERRED 



HARVARD COLLEGE 
LIBRARY 




3 2044 097 017 693 



o 



LABORATORY EXERCISES 



IN 



ELEMENTARY PHYSICS 



A MANUAL FOR STUDENTS IN ACADEMIES 

AND HIGH SCHOOLS 



BY 



FRANKLIN H. AYRES 

INSTRUCTOR IN PHYSICS IN CENTRAL HIGH SCHOOL 

KANSAS CITY, MO. 




NEW YORK 

D. APPLETON AND COMPANY 

1902 



- 1 \ lu. I '!> 



\ 






4 

Harvard "-'"ersity, 
Dept. of L««*....w.< Libraryt 



r 



.j^^ "** 



HARVARO C01I.E6C L'MARY 

APR 16 1921 



COPYBIOHT, 1901 

By D. APPLKTON AND COMPANY 



I 



J • 



•1 



PKEFAGE 



This little work is, as its name implies, simply a manual 
of exercises in elementary physics. No claim is made that 
it embraces all the exercises suitable for work of this grade. 
It is believed, however, that the exercises as herein pre- 
sented constitute a sound basis for a strong, rational, and 
flexible course in elementary laboratory physics. 

There has been no attempt in this book to usurp the 
functions of the teacher. Much of the details of the work 
are most effective when they come directly from him. The 
inspiration must also come, in large measure, from the in- 
structor ; no book can take his place in this particular. 

In handling laboratory work in physics of any grade, 
the instructor is confronted at all times with the serious 
problem of providing apparatus. This problem is all the 
more serious in view of the fact that good work, even in ele- 
mentary physics, is quite impossible without reasonably good 
apparatus. Speaking to this very point. Professor Nichols 
has said : " The list of instruments essential to the carrying 
on of an effective course in laboratory physics is not a large 
one. It includes certain standard apparatus, such as the 
balance, the air-pump, the thermometer, the projecting lan- 
tern, the electrical machine, and the galvanometer ; together 
with such accessories as are necessary to use with these 
instruments. Without such an equipment, no college or 
school should attempt to give instruction in physics." 

The meaning of Professor Nichols's final observation, just 

• • • 
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iv ELEMENTARY PHYSICS 

quoted, which is confirmed hy my own experience, is that 
effective work in physics is impossible with odds and ends, 
with mere models to serve as apparatus. On the other 
hand, too great refinement of method and result should 
neither be attempted by students of high-school grade nor 
expected of them. Nevertheless, generally speaking, appa- 
ratus which is not accurate within five per cent, at least, 
should never be put into the hands of such students. Both 
the possibility and the probability of Ti^asonably accurate 
results should always be present, not only for the reason 
that the very nature of the subject and the spirit of science- 
teaching demand it, but for the sake of the moral effect 
upon the student as well. 

So, in selecting the exercises for this manual, I have 
endeavored to keep ideal conditions constantly in mind. 
Wherever possible, however, I have suggested alternative 
methods and apparatus in order to better adapt the book 
to laboratories having a limited equipment. 

A shop is strongly recommended to all schools, and 
especially to those of small means. A comparatively small 
sum spent in fitting up such a shop will reduce the expense 
of maintaining a physical laboratory by more than one-half 
and make possible a vastly greater variety of work. These 
statements are verified by my own experience. 

Acknowledgments are due Mr. E. M. Bainter, of the 
Department of Mathematics of Central High School, for 
valuable suggestions, and for reading the manuscript of 
the manual ; and to Mr. Benjamin Lubschez, a recent stu- 
dent of this school, for the drawings from which the illus- 
trations were made. 

F. H. A. 

Kansas City, Mo., July, 1901. 
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LABORATORY EXERCISES 
IN ELEMENTARY PHYSICS 



INTEODUCTOEY 

THE WORK OP THE LABORATORY 

The average student enters the laboratory with ex- 
tremely hazy ideas touching the purpose and value of the 
work he is to do. This uncertainty should not be allowed 
to continue, since, if it does, the work must signally fail to 
accomplish its true object. Now, the nature of this object 
is determined by the relation which exists between the reci- 
tation and the operations of the laboratory. 

In the recitation and lecture the general prindples and 
applications of the science are developed as thoroughly as 
possible. Numerous experiments are performed to illus- 
trate and verify these principles. But mark this: these 
illustrations and verifications rarely do more than to exem- 
plify the qualitative relations which obtain. The verifica- 
•tion of the quantitative relations must, in general, be left 
to the laboratory. So it may be said that the recitation 
and lecture blaze out the way for a more definite appre- 
hension of the laws of physics by means of individual work 
in the laboratory 

In these verifications the student is called upon (1) to 
observe carefully and accurately ; (2) to describe with clear- 
ness and precision ; (3) to think keenly and consecutively ; 
and (4) through these, to formulaie exacts unambiguous 
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2 ELEMENTARY PHYSICS 

statements of his conclusions. These powers the average 
ancultiyated human mind possesses in some degree. But, 
without intelligent and careful development, they rarely 
pass the stage of mediocrity. To develop these powers is 
therefore the highest and best object of laboratory training. 
So, in order to get the most out of this training, the stu- 
dent will do well to observe the following suggestions : 

At the very beginning he should disabuse his mind of 
the idea that his laboratory work is to consist of aimless 
toying with apparatus. 

Each exercise should be as thoroughly studied as a les- 
son in mathematics. If the exei^cise for the day has been 
well digested, the student will be able to proceed in most 
cases without assistance. 

Limit communication to matters directly pertaining to 
the experiment being performed. 

Very often two operations may be carried on simul- 
taneously. 

Cultivate the habit of observing every detail of the ex- 
periment, no matter how insignificant any one may seem. 

Keep your note-book open and in it neatly record the 
results of the experiment at the time they are obtained. 

Use decimal fractions. Common fractions will not be 
accepted. 

Make it an inflexible rule to record every measurement 
and determination, and always in such a form that the 
meaning of the data shall ^be perfectly clear and self-ex- 
planatory. 

That "haste makes waste" is nowhere more true or 
more fatal to good work than in the laboratory. There- 
fore make all observations with great care and delibera- 
tion. Make it a rule to verify each and every determina- 
tion. 

Never prejudice your good judgment by over-anxiety to 
have a result come out right. As a matter of fact, this 
attitude is apt to lead to a result far more erroneous than 
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would have been the case had the observer maintained an 
open mind. The nearer the experimenter can approximate 
to being an intelligent, discriminating automaton, the more 
trustworthy will be his results. 

Repeat an observation as many times as the time al- 
lowed will permit. That two results agree is no evidence 
in itself that an accurate determination has been made. 
On the contrary, broadly speaking, results which difiEer by 
a reasonable amount are more trustworthy than those which 
agree very closely. 

Never record a result that is " about so and so." Always 
estimate a fractional quantity in tenths. If it is more than 
one-half and less than three-fourths, the result is likely to 
be more correct if it is estimated to be 0.6 or 0.7 than if it 
is set down as either one-half or three-fourths. 

In computation, much time is wasted by numerical mis- 
takes and unnecessary calculations. Watch the decimal 
point as you would a chronic disturber of the peace. Never 
retain more than one doubtful figure in any result. For 
example, in the operation which is indicated below, sup- 
pose the canceled figures to be uncertain. Let us compare 
the quotient obtained when no figures are dropped with 
that which is obtained when only one uncertain figure is 
retained. 





26M$ X 168.W«^ _ 9 




1465.2^j^ 


168.525 


1465.225 4288.118625 2.926-f 


25.445 


2930450 


842625 


13576686 


674100 


13187025 


674100 


3896612 


842625 


2930450 


337050 


9661625 


4288.118625 


8791350 



870275 
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Contrast the above laborious calculation with the com- 
paratively easy one which follows : 

168.6 1465.22 1 4279.90 1 2.920 + 
25.4 293044 

6740 1349460 

8425 1318698 



3370 307620 

4279.9 293044 

14576 

Now, if the most accurate factor entering into the above 
results is in error by an amount as small as 1 per cent, it 
follows that the quotient is also in error to this extent, at 
least. But the above results do not differ by as much as 1 
per cent. Therefore nothing has been gained by perform- 
ing the full computation. 



THE NOTE-BOOK 

The note-book should be of convenient size. It should 
have a durable cover, and should contain paper suitable for 
writing with pen and ink. 

In this note-book are to be kept both the original and 
the expanded notes on all experiments actually performed. 

The student for whom a college course is even a remote 
possibility should preserve these notes, since they are now 
a requirement for admission into many colleges and uni- 
versities. 

Each report should consist of two parts : 

(A) Original Data and Observations. — This part of the 
report should be written up in the laboratory at the time 
the experiment is performed. The subject-matter of Part 
A should be treated under the following heads : 

(1) Object of the Experiment. — If the experiment 
involves the proof of a law or principle which is 
expressible in the form of an equation or a proper- 
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tion, include the statement of such fact under this 
head. For example : " The ohject of this experi- 
ment is to prove that the time of one vibration of a 
pendulum is proportional to the square root of the 
length of the pendulum. That is, I am required to 
prove that 

in which T is the time and L is the length of one 
pendulum, and Ti is the time and Li is the length 
of any other pendulum." 

(2) Data and Results. — Under this head record all 
numerical data in tabular form, whenever possible. 
Following this, record such other observations as 
have a direct bearing upon the main conclusion to 
be drawn from the experiment. 

(3) The Apparatus. — Make a neat pencil drawing of 
the apparatus which is used for the first time. 
Index the principal parts, and underneath the 
sketch write the technical name of the apparatus, 
if it has one. 

(B) Expanded Notes. — These notes may be written up 
outside of the laboratory. This part of the report should 
include the following points : 

(1) Processes.* — Under this head state clearly and 
concisely what you did in performing the experi- 
ment. (No report will be accepted in which the 
imperative mode is used.) 

(2) Calculations and Conclusions. — Under this 
head state the principal conclusion to be derived 
from the experiment, together with such other 
inferences as may seem to have an important bear- 
ing upon the work in hand, or that which is to 

* The instructor may prefer to include this part of the report in 
Part A. 
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come. In no case will it be sufficient merely to 
state these conclusions. Whenever possible, they 
should be worked out from the data obtained in 
the performance of the experiment, and valid 
reasons should be given therefor. 

Queries. — Answer all questions, and give the solution 
of all problems under this head. 

Ebbors. — Note the principal sources of error. 

Note.— Part A of each report should be written on the left-hand 
page of the note-book. 

VARIATION 

Nothing in the laboratory experience of the average 
high-school student causes more trouble than the handling 
of variables. Many of the laws of physics are conveniently 
expressed in the form of a proportion. The proportions 
which are commonly met in elementary physics involve 
what are known as dependent variables. 

When a quantity in a given problem may have an 
indefinite number of values it is called a variable. A 
dependent variable is a quantity so related to another 
quantity that a given change in the latter produces a 
direct or inverse variation in the former. 

DiBECT Vabiation. — Suppose, for example, that we 
consider the case of pressure in liquids. Verbally stated, 
pressure in liquids is proportional to the depth ; or, pres- 
sure varies directly as the depth. This idea may be ex- 
pressed in the form : 

P o:D. 

Or, as it is usually written, 

p 

P : Z), or, -^. 

These are merely different ways of expressing a simple, 
direct ratio. Now, if we wish to express the relation which 
exists between two pressures, P and Pj, and the respective 
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depths, D and Z>i, at which these pressures obtain, we may 
do so in the form of a simple, direct proportion, thus : 

P : D :: P^: I)^, 
Or, P : Pi :: D : D^. 

Remember this : a simple, direct proportion is an equal- 
ity of simple, direct ratios. 

Invebse Vabiation. — Sometimes a dependent variable 
is so related to another quantity that a given change in the 
latter produces an inverse change or variation in the for- 
mer. Consider the case of a body of gas confined under 
pressure. Now, it is a familiar fact that, as the pressure 
increases, the volume of the gas decreases. So we say the 
volume of a body of gas varies inversely as the pressure — 
that is. 

Or, as it is usually written, 

1 z 

F:— , or, _1. 
^ P 

These are different ways of expressing a simple, inverse 
ratio. Reasoning as we did in the preceding case, we may 
express the relation which exists between two pressures, P 
and Pi, and the respective volumes, V and F^, which these 
pressures produce in the form of a simple, inverse propor- 
tion — inverse, for the reason that as the pressure increases 
the volume decreases. That is : 

P . jL . . p . J_ 

1 1 
Or p , p , , ± , *^ 

Whence, P : P, : : F, : F. 

Remember again : a simple, inverse proportion is an 
equality of simple, inverse ratios. 
2 
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SOURCES OF ERROR* 

The extreme fallibility of human judgment is continu- 
ally in evidence in the laboratory. The pathway of the 
student is ever beset with tendencies toward error. Now, 
errors are not mistakes. The former, in some degree, are 
inevitable. The latter are generally due to carelessness. 
Errors may be classified as follows : 

1. Errors due to the method employed. 

2. Errors due to the apparatus. 

3. Errors of performance. 

4. Errors of observation. 

While none of these can be completely eliminated, yet 
if the student is ever on guard, looking for them, their 
magnitude may be materially reduced. 

Errors due to faulty method can only be remedied by 
changing the method of the experiment. This, however, 
rarely lies within the ability of the student. Nor, as a rule, 
is he able to eliminate errors due to apparatus. 

Some correction at least may be applied by the begin- 
ner to errors of observation. Suppose a series of deter- 
minations of the same quantity to be divided into two 
groups. Those which are greater than the true value may 
constitute the + group, and those that are less the — group. 
Experience has shown that, in a series of observations of 
the same quantity, the + errors are ofiEset by the — errors. 
Therefore the average of such a series is likely to be more 
nearly correct than any one of them. In applying this 
principle the number of observations should be large. 

In many instances it is instructive to compute the per 
cent of error. It often happens that the average of several 
determinations of the same quantity seems to indicate a 
large error when only the difference between it and the 
accepted value is considered. Suppose, for example, that 

* For a comprehensive discussion of this subject the student is re- 
ferred to Nichols's Laboratory Manual, vol. i. 
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a certain quantity is known to be 34,000. Suppose, further, 
that this quantity is determined by experiment to be 36,- 
125. Now, this value of the quantity difiEers from its true 
value by 1,125. The largeness of this error-difference seems, 
at first sight, to make the determination unworthy of ac- 
ceptance. But if this error-difference is reduced to per 
cent of error by the simple equation, 



Per cent of error = 



Error-difference 
True value 



We discover that our result is in error by 3.3 per cent — 
not such a large error, after all, when we remember that 
the apparatus usually available for high-school work is not, 
generally speaking, accurate within 5 per cent. 



TRIGONOMETRICAL RELATIONS 

Two simple trigonometrical relations, or functions, have 
a limited use in elementary physics. They are the sine and 
the tangent of an angle. 

D. 




Fig. 1. 

Let ABChe B,Ti angle whose sine and tangent are to be 
represented. 

With ^ as a center, describe the arc DB, cutting AB 
at ^and BO at M. From ^let fall 6^^ perpendicular to 
BC 2ki G, Draw a tangent to DE at if, intersecting AB 
at/; 
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Now, the sine of an angle is the ratio of the opposite 
side to the hypotenuse. 

Whence, sin Z ^ = -^jr' 

Also, the tangent of an angle is the ratio of the opposite 
side to the adjacent side. 

FM 
Whence, tan ^ B = 'oTi- 

A table of sines and tangents is given in the Appendix. 



CHAPTER I 
INTRODUCTORY EXERCISES IN MEASUREMENTS 



EXERCISE 1 

The Common Bule 

Appabatus. — A metric rule. *A rectangular block of 
wood. 

DiBECTiONS. — (1) Observe that the rule you are using 
is a meter-stick, and that it is divided into decimeters, 
centimeters, and millimeters. 

(2) Measure the length, breadth, and thickness of the 
rectangular block. Make several determinations of each 
dimension. In measuring the length of any object, place 




Incorreot. 




Correct. 



Fig. 2. 



the graduated edge of the rule against the object (see Fig 
2). Never use the first and last divisions of the scale ; the> 
are liable to be inaccurate. (Why ? ) 

11 
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(3) Measure the length, width, and height of the table 
at which you work. Make several determinations of each 
dimension. 

(4) Measure both diagonals of the table-top. Make 
several determinations, as before. (The table-top is as- 
sumed to be rectangular.) 

Record all data in the form which follows. Omit no 
determination. 



Object. 


Length. 

...a.... 


Breadth. 


ThicknesA. 


Measui'ed 
diagonal. 

• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 

• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 


Ck>mputed 
diagonal. 


Block. 






• 
• 
• 
• 
• 
• 
• 
• 
• 


Mean. 








• 
• 


Table. 




••• 




• 
• 
• 
• 
• 

• 
• 


Mean, 






• 
• 


Table-top. 






• 
m 
• 
• 

1 

1 . 

1 




Mean, 




1 







EXERCISE 2 

Bule and Caliper Measurements of a Sphere and a Hollow 

Cylinder 

Apparatus. — A metric rule. A wooden straight-edge 
and two squarely cut blocks. A small hollow cylinder. A 
sphere. Outside and inside calipers. 

Directions. 

Part A. — To take measurements of the sphere and the 
hollow cylinder with straight-edge and blocks. 
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(1) Place the straight-edge in a convenient position on 
the table. Place the blocks firmly against the straight-edge, 




Fig. 8. 



with the sphere held tightly between the blocks, as shown 
in the figure. Observing the caution given in (2) of Ex- 
ercise 1, measure the distance between the blocks. 

(2) Measure the outside and inside diameters 
of the hollow cyl- 
inder in the same 
manner. 

(3) Measure 
the length of the 
cylinder in the 
same way also. 

Paet B.— To 
take measurements 
of the sphere and 
the hollow cylinder 
with the calipers. 

Directions. — 
(1) Open the jaws 
of the calipers to 
such an extent 
that, when the Fio. 4. 
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points of the jaws of the calipers are placed diarnetri- 
caMy with respect to the sphere, they will just touch 
the sphere. Without disturbing the calipers, measure 
the amount of opening between the points of the jaws 
with the metric rule. Estimate the fractional division in 
tenths. 

(2) Measure the external diameter of the cylinder in 
the same manner. 

(3) Cross the jaws of the calipers to such an extent 
that when they are placed diametrically within the cylinder 
they will just fit. Remove the calipers and measure the 
amount of opening between the jaws. 

Record data in the following form : 



Object. 


Diam. by 
blocks. 


Diam. by 
calipers. 


Vol. by 
blocks. 


Vol. by 
calipers. 


Sphere. 










Mea7h. 












Outside diam. 


Inside diam. 


Length. 


Vol. of shell. 


Hollow 
cylinder 


By 
blocks. 

Mean. 






• • • • • • 
















Mecm. 



















Coii^CLUSiONS. — Draw a conclusion touching the com- 
parative accuracy of the two methods used in this exer- 
cise. To illustrate : Suppose the outside diameter of the 
hollow cylinder is found to be 3.4 cm. as measured with 
the calipers, and 3.6 cm. as measured with the blocks. 
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Which result, in your opinion, is more nearly correct? 
Why? 

Note. — Do not make the calculations called for in coIuihiib (4) and 
(5) of the tabular form until all determinations have t>een made. 



EXERCISE 3 
The Diagronal Scale* 
Apfabatits. — A diagonal scale. Strips of brass, on each 
of which are ruled two small crosses. Tvo finely divided 
scales, one in metric and the other in English units. 



Pheliminahy Statement,— It is required to measure, 
first with dividers and ordinary scales, then with dividers 
and diagonal scale, the distance between the centers of the 
two small crosses on each strip of brass, and to compare 
the accuracy of the two methods. 

Part A.— To take meaiuremeiits with dividers and ordi- 
nary scales. 

DiHECTiONB.— (1) Apply the dividers to the strip of 
brass so that the points of the dividers shall coincide, re- 
spectively, with the centers of the two crosses; then apply 
them to each of the common scales. Make as close readings 
as possible. Estimate all fractional divisions in tenths. 

Part B. — To take meaBurements with dividers and diag- 
onal scale. 

* Stewart and Gee, vol. i, pp. 4, 5, 8. 
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Preliminaby Discussion. — Both the method of using 
and the theory of the diagonal scale will be better under- 
stood after a consideration of the following points : 

(1) Observe that the diagonally ruled space is an auxili- 
ary scale division. 

(2) Observe that the auxiliary scale division is divided, 
each way, into ten equal parts. Observe, further, that the 
first diagonal line — and the first horizontal line, as well — 
is numbered zero. 

(3) The principle of the diagonal scale may be made 
perfectly clear by the following questions : 

{a) How far is it from cross line 1 to diagonal line 1, 
measured on horizontal line zero? To diagonal line 5, 
measured on the same horizontal ? 

{h) How far is it from cross line 3 to diagonal line 1, 
measured on horizontal line 2 ? To diagonal line 7, meas- 
ured on horizontal line 9 ? 

Directions. — (1) Not having disturbed the dividers, 
apply them to the diagonal scale so that one point shall 
fall on one of the principal cross lines of the scale and the 
other one shall fall within the diagonally ruled space — both 
points being, of course, on the same horizontal. 

(2) Now move the dividers directly across the scale to 
such a position that, with both points on the same horizon- 
tal line and one of them still on the principal cross line 
referred to in (1), the other point will fall at the intersection 
of a diagonal line with a horizontal line. Record readings 
in the following form : 

Strip No 

Principal scale reading 

Diagonal line reading 

Horizontal line reading 

Note. — Do not stop at this point to make any calculations. Never 
do so during the progress of an experiment, unless it be absolutely 
necessary. Cultivate the habit of recording data with such fullness 
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and clearness that any calculation pertaining to the experiment may 
be made at any time. 

(3) In the same way measure the distance between the 
crosses on each of the other strips. Record all readings in 
parallel columns, in the form suggested above. 

Record results in the following form : 





DISTANCE BETWEEN CROSSES. 


Meascrbment. 


Strip No. . . 


Strip No. . . 


Strip No. . . 


English scale. 








Metric scale. 








Diagonal scale. 









Calculations and Results. — Suppose, for example, 
that the right-hand point of the dividers falls at principal 
cross line 2 and the left-hand one between diagonal lines 3 
and 4 — both points being on horizontal line zero, as directed 
in (1), above. The length under measurement is evidently 
between 2.3 and 2.4 units of the scale employed — ^that is, the 
length is 2.3 +. The second decimal place remains to be 
determined. 

To find the second decimal place, proceed as follows : 
Move the dividers across the scale until the left-hand point 
falls at the intersection of a diagonal with a horizontal line. 
Suppose, when this is done, that the left-hand point falls at 
the intersection of diagonal 3 with horizontal line 4. The 
second decimal place sought is 4, and the total distance be- 
tween the crosses in question is 2.34 half-inches, inches, 
centimeters, or whatever may happen to be the principal 
unit of the scale used. 

Prove, by geometry, that the distance given in the fore- 
going example is 2.34. 

Make a simple rule for the rapid use of a diagonal scale. 

Query. — To how many decimal places do you think a 
determination by a diagonal scale may be correct ? 
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EXERCISE 4 

The Micrometer Caliper* 

Appabatus. — A micrometer caliper. Bicycle balls. A 
thin sheet of metal. A fiber of silk. A bit of fine wire, or 
a hair. 





Fig. 6. 

Prelimik^ary Discussion. — Whenever it is desired to 
measure comparatively small lengths with great accuracy, 
instruments which embody the principle of the screw are 
employed. An instrument of this class is the micrometer 
caliper. 

Direction's. 

Part A.— To measure the diameter of a bicyde balL 

(1) Place the ball centrally between the jaws of the 
caliper and turn the screw until the jaws gently pinch the 
ball. Turn the screw tvith a light touch, Eead the num- 
ber of whole divisions indicated by the linear scale. Next, 
read the number of divisions indicated by the circular 
scale, reading upward toward the horizontal line of the 
linear scale. Estimate the fractional divisions in tenths. 

Part B.— To measure the thickness of a thin sheet and 
the diameter of a fine fiber. 

(1) Proceed precisely as directed in (1), above. 

— 

* Stewart and Gee, vol. i, p. 14. 
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Becord all readings 


3 in the form which follows : 


Body. 


Tiinear scale reading. 


Circular scale reading. 


■^ 






Bicycle ball. 
















Mecm. 












Thin sheet. 


















Mean, 












Fine fiber. 
















Mean, 







Calculations. — Suppose the " pitch " of the microm- 
eter to be 40 — ^i. e., one revolution of the screw advances it 
^ of an inch, or one division of the linear scale. Sup- 
pose, further, that the beveled edge of the barrel is divided 
into 25 equal parts, to constitute the circular scale. Evi- 
dently, if the screw be revolved through one division of 
the circular scale — i. e., through j^ of one complete revolu- 
tion — ^the screws will be advanced i^ of ^ of an inch. 
Wherefore, each division of the circular scale measures 

YjViT ^f ^^ inch. 

Example. — In measuring the diameter of a certain 
bicycle ball, suppose the linear scale reading to be 4 and 
the circular scale reading to be 3.$. Then Z>, the diameter 
of the ball in inches, is given by the equation, 

j^ __ Linear Reading Circular Reading 



40 



Whence, /> = /^ + ^^^^ 



1000 
= 0.135 inch. 



Results. — Compute the diameter or thickness of each 
object used. Include these results in your report. Put 
them in tabular form. 
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QuEBY. — Measured with a micrometer caliper, the di- 
ameter of a certain fiber is found to be 0.00227 inch. To 
how many decimal places may this result be correct ? 



EXERCISE 6 
The Vernier &ule* 

Appabatus. — A fixed scale, divided into half-inches, is 
provided with an auxiliary movable scale which slides over 
or at the side of the fixed scale. A length of N-1 scale 
divisions on the vernier is divided into N equal parts. For 
example, the vernier may be 19 half-inches in length and 
divided into 20 equal parts ; or 9 half-inches in length and 
divided into 10 equal parts. Sometimes a length of X scale 
divisions on the vernier is divided into N-1 equal parts. 
The principle of both methods is the same. 



VISRNIBR 
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Fio. 7. 

Part A. — To take measurements with a simple vernier. 

Directions. — (1) Place a rod, say one which is between 
0.6 inch and 1 inch long, between the zero end-piece of the 
rule and the zero end of the vernier. Move the vernier up 
so as to hold the rod firmly. 

(2) Suppose the fixed scale to be divided into half- 
ipches. Evidently the length of the rod is equal to the 
distance between the zero point on the fixed scale and the 
zero point on the vernier. This distance is equal to one 
division, or half-inch, of the fixed scale, plus a part of the 



* Hastings and Beach, p. 10 ; Loudon and McLennan, p. 6 ; Stewart 
and Gee, vol. i, p. 7. 
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next division. The length of this part is obtained thus : 
Find the division mark of the vernier which most nearly 
coincides with a division mark of the fixed scale. Suppose 
it to be the ninth. Then the length of the part in ques- 
tion is ^ of the length of one scale division of the fixed 
scale, or 0.226 inch. 

Whence, the length of the entire rod is 0.725 inch. 

(3) Measure the diameter of a bicycle ball with the ver- 
nier rule. 

(4) Measure the length and thickness of various small 
bodies in order to become perfectly familiar with the ver- 
nier rule. 

(5) Measure the diameter and thickness of the objects 
used as directed in (3) and (4) with a micrometer caliper. 

Record all data in a neat tabular form. 

Eesults. — Prove that, in the example given above, the 
length of the rod is 0.726 inch. 

Queries.— For the sake of accuracy, should the divisions 
of the fixed scale be few or many ? Name the principal ad- 
vantages of having a finely divided fixed scale. 

Part B.— To take measurements with more elaborate and 
accurate verniers.* 

Apparatus. — A vernier caliper. A barometer provided 
with a vernier. 

Preliminary Discussion. — It should be remembered 
that the vernier reading is always a fraction of the smallest 
unit of the fixed scale. For example, each inch of the 
fixed scale of most vernier calipers of American manufac- 
ture is divided into fifty equal parts. So the smallest unit 
of the fixed scale of these instruments is -^ inch. Gener- 
ally speaking, twenty divisions of the vernier of these 
instruments correspond to nineteen of the fixed scale. It 
follows that if the first division mark of the vernier coin- 

* For a thorough discussion of the principle of the vernier, see the 
references cited in Part A, 
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cidea with a division mark of the fixed Bcale, the length 
under meaaurement is jV of ^ of an inch, or ^^^ inch. 
Such calipers, therefore, measure to thousandths of an 




Fio. B.— Vernier oaliper. 



Barometer verniers are usually divided as follows : Eng- 
lish fixed scale, 30 divisions to the inch, S4 divisions of the 
fixed scale corresponding to 35 divisions of the vernier 
scale ; metric fixed scale, 10 divisions to 
the centimeter, 9 divisions of the fixed 
scale corresponding to 10 divisions of 
the vernier scale. 

D:eection8, — (1) Eecord the de- 
nomination of the smallest unit of the 
fixed scale of the instruments furnished 
you, and the corresponding scale num- 
bers of the fixed and vernier scales of 
each. 

(2) Measure the diameter of a bi- 
cycle ball with the vernier calipers. 
Make several determinations. {See 
Part A.) 

(3) Measure the diameter of the same 
bicycle ball with a micrometer caliper. 
Make several determinations. 

(4) Take aevenil very careful readings of the barometer, 
using the vernier. 



Fio. 9. — Barometer 
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Becord all data in a neat form. 

Besclts. — Show that the vernier referred to in Pre- 
liminary Diacussion measares to thousandths of an inch. 

Determine to what fraction of an inch, and of a milli- 
meter, the barometer vernier mentioned in Preliminary 
Discussion is capable of measnring. 

Compare the vernier calipers with the micrometer cali- 
per with respect to accnracy. Give reasons for yonr con- 
clnsions. 

EXERCISE 6 

The Spherometer ; * IhickneH of a TMtt Plate 

Apparatus. — A apherometer. A sheet of glass having 
a true surface or a steel surface plate. A thin plate whose 
thickness is to be determined. 

DiRBCTiONS.^(l) Record the denomination of the small- 
est unit of the linear scale. {The student will observe that 
the spherometer is merely a modi- 
fied form of the micrometer 
screw-) Record the number of 
divisions composing the circular 
scale. Record the " pitch " of 
the screw. 

(2) Place the instrument on 
the surface plate and turn the 
screw until it touches the plate. 
Be certain that the screw is in 
contact with the plate and that 
there is no tendency of the sphe- 
rometer to rock on its central leg, f ,„ ,(, 

(3) Now take the reading of 

both the linear and circular scales. Take at least four 
other readings with the instrument at different positions 

• Nichols's Laboratory Manual, vol. i, p. 26. Loudon and McLennan, 
p. 10. 
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on the surface plate. From these readings the average 
zero reading is to be computed. 

(4) Raise the screw until the thin plate will slip under 
it. Bring the screw into contact with the plate as directed 
in (2). Take at least five readings of both scales, with the 
spherometer at widely different positions on the plate. Call 
these the final readings. 

Record data in the following form : 





Spherometer 
Linear scale < 
Circular scale 

• 

Pitch of scre^ 


No 

divided into . 

3 of 

w 


divisions. 

• 










ZERO READINGS. 


FINAL READINGS. 


TUAXi. 


Tjinear. 


Circular. 


Tiinear. Circular. 

1 


(1) 

(3) 

(3) 

(4) 

(5) 
Average 











Calculations. — From the first set of readings com- 
pute the average zero reading of the screw. From the 
second set compute the average final reading. Now sub- 
tract the average zero reading from the average final read- 
ing. Suppose, for example, that this difference is as fol- 
lows : Linear scale difference, 3 ; circular scale difference, 
43 divisions of a scale of 100 parts.* This means that 
the screw made 3.43 revolutions in moving from the average 
zero position to the average final position. Suppose the 



* In determining the circular scale difference, a mistake may be 
made on account of the fact that the circular scale may read in the 
direction in which it is revolved. For example, a final reading of the 
circular scale may be 26 divisions. The tnie reading in this case is 
found by subtracting 26 from the total number of divisions in the cir- 
cular scale. 
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pitch of the screw to be 25. Then the distance through 
which the screw moved — which is to say the thickness of 
the object— is equal to 3.43 X i^ inch, or 0.137 inch. 

Compute the thickness of the plate used in the experi- 
ment. 

Query. — Of how many decimal places may we be cer- 
tain in using this instrument ? 



EXERCISE 7 
The Spherometer; Badius of a Spherical Surface 

Apparatus. — A spherometer. A surface plate. A pair 
of dividers. A diagonal scale. A convex lens. 

Preliminary Discussion. — It is required to compute, 
by means of the equation 
which follows, the radius 
of a given spherical sur- 
face : 

If R is the radius of 
the sphere of which the 
lens to be used in this ex- 
ercise is a segment, h is 
the radius of the base of 
the segment, and h is the 
height of the segment, 
then, by geometry, 



R = 



2h 




Directions. — (1) De- 
termine the average zero -pm, ii. 
reading as directed in the 

preceding exercise. (This means to take several readings, 
but not to compute their average during the progress of 
the experiment.) 

(2) Turn the spherometer upward until the instrument 
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will stand firmly when placed on the convex surface of the 
lens. Be certain that there is not the slightest unsteadi- 
ness of the spherometer, as is sure to be the case if the 
screw has been lowered too far. Take both readings. In 
the same manner take at least four other sets of readings 
at widely different positions on the surface of the lens. 

(3) Haying put a sheet of paper on the surface plate, 
carefully place the spherometer on the paper so that the 
legs may make but one set of impressions. Turn the screw 
downward until it also makes a small dot on the paper. 
Now, remove the spherometer and measure the distance of 
the central dot from each of the others with dividers and 
diagonal scale. Call the fn^n of the three measurements, b. 

Becord data in a form similar to the one used in the 
preceding exercise. 

Calculations. — From data obtained as directed in (1) 
and (2), compute A, the height of the segment. Substitute 
in the equation given above and solve for E, 

Show, by geometry, how the equation, R = — oT"' ^^ 
derived. Include this demonstration in your report. 



EXERCISE 8 

The Beam Balance.* Weighing by the Method of Equal 

Swings 

Apparatus. — A beam balance. A set of weights. 

Preliminary Discussion. — Before attempting any 
work with a good balance, the student should become fa- 
miliar with the theory, construction, and care of the instru- 
ment. (Consult the references cited below.) Furthermore, 
no student should be permitted to use a sensitive balance 

* Stewart and Gee, vol. i, pp. 66, 67. Whiting, pp. 27-37. Descha- 
nel, pp. 34-40. 
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unless he be willing to conform his weighing practice to 
the rules which follow : 

(1) See that the balance is level and that all parts of it 
are free from dust. 

(2) See that the pointer swings through equal arcs on 
both sides of the center of the scale. If the pointer comes 
to rest very far from the center of the scale, report such 
fact to the instructor. 

(3) Always arrest the beam when the pointer is at, or 
near, the central position, and do so gently. 




Fio. 12. — Simple form of beam balance. 



(4) Always arrest the beam whenever weights are to be 
added or removed. 

(5) The position of the observer should be such that 
the line of sight shall be perpendicular to the plane of the 
scale of the balance at the middle point of the scale. 

(6) Sometimes the equilibrium is so nearly perfect that 
the balance fails to vibrate. To start vibration, throw a 
puff of air against one of the pans by a quick movement of 
the hand. 
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(7) Handle all weights with pincers, 

(8) Xever weigh bodies while they are hot. 

(9) Substances which might injure the pans should be 
weighed in suitable containers. 

(10) Final weighings must be made with the case of the 
balance closed. 

(11) At the conclusion of each weighing, arrest the 
beam, remove the rider from the beam, and place the 
weights in the box, in their proper places. 

(12) Keep the weights in the box when they are not 
in use. 

DiBEOTiOK^s. — (1) Place the object to be weighed in the 
left-hand pan and the weights in the right-hand pan, un- 
less otherwise directed. 

(2) Place weights in the proper pan, in order. This 
means to begin with the largest weight which will not 
overturn the balance, and then to add weights, in the order 
of their magnitude, until the pointer vibrates as far to one 
side of the center of the scale as it does to the other. In 
case the addition of a weight overturns the balance, re- 
move that denomination and try the next smaller. When- 
ever the smallest weight added does not produce perfect 
equilibrium — which, by the way, is the usual case — a final 
adjustment may be effected by means of the rider, if the 
instrument has one. 

(3) The rider is a small piece of metal which may be 
located at any point on the beam. The beam is gradu- 
ated into such a number of parts that, when the rider is 
placed at a given scale mark, the number of the mark 
indicates the smallest weight which the balance will di- 
rectly determine. For example, suppose the arms of a 
certain balance to be divided into ten equal parts. If 
the balance is sensitive enough to weigh directly to milli- 
grams, the rider should weigh 10 mg. The reason for 
this is simple enough; for, if 1 mg. be placed in the 
pan, this weight will be counterpoised by placing the 10 
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mg. rider at division mark 1 on the beam, since, by the 
law of the lever, 

Wt. X Wt.-arm = Load x Load-arm. 
Substituting in this equation, we have, 

1 X 10 = 10 X 1. 

(4) Weigh other small objects, such as bits of paper, a 
match, a dime, etc. 

Becord all determinations in a neat tabular form. 

Ebrobs. — Mention at least three sources of error in- 
Tolved in this exercise. 




Fig. 18. — ^Experimental beam balanoe. 

Note. — In case one is not so fortunate as to possess a good beam 
balance, the work in weighing should not be omitted on this account. 
With the simple and cheap experimental balance which is shown in 
Fig. 13, all the work laid out in weighing in this manual can be done 
in a very satisfactory manner. These balances may be home- made at 
small expense. 



EXERCISE 9 

Weight of One Cubic Centimeter of Pure Water near the 
Temperature of Maximum Density 

Apparatus. — A hydrometer jar.* Inside calipers. A 
meter-stick. A thermometer. A balance and set of weights. 

* A glass tube of about 2 cm. bore, closed at one end with a rubber 
stopper, will answer as well. 



-fe- 
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Directions. — (1) See that the hydrometer jar is per- 
fectly dry, inside and outside. Weigh the jar with great 
care. 

(3) Meaanre the internal diameter of the jar, in the 
manner shown in Fig. 4. Make several determinations. 

(3) Fill the jar nearly full of ice-water. Measure the 
height of the water column, making an allowance for the 
■curvature of the bottom of the jar. In deter- 
nining the height of the water column, avoid 
the error of parallax. Do not read to 
the edge of the meniscus ; always deter- 
mine the height of a column of liquid 
a the manner shown in Fig. 14. 

(4) Now, find the weight of the hydrometer 
d.r with its contents, in grama. Take and re- 
ord the temperature of the water. 

(5) Repeat (1), (2), (3), and (4). 
Calculations.— Compute the volume of the 

water column, in cubic centimeters. From this, 
and the weight of the water, compute the weight of 1 ce. 
of water. 

Conclusions. — From tables of water densities get the 
weight of 1 cc. of pure water at the temperature observed 
as directed in (4), above. If there is much discrepancy be- 
tween this weight and that as determined by you, account 
for it. Mention the chief causes which may have conspired 
to make the error of your result quite large. 

Compute the per cent of error on the basis of the 
weight of 1 cc. of pure water, at the observed temperature, 
as given in accepted tables. 

Queries. — At what temperature does water attain its 
maximum density ? What is the density of water at this 
temperature? What is the weight of 1 cc. of water at this 
temperature? What distinction do you make between the 
second and third query ? 



^LXEftCiSES IN MEASUREMENTS 31 



EXERCISE 10 

The Beam Balance : Double Weighing and Weighing by 

Substitution 

Apparatus. — Same as that of Exercise 8. 

Pbeliminaby Discussion. — The theoretical balance has 
equal arms. In fact ^ however, the arms of no balance are 
equal. The indications of such a balance must, of course, 
be incorrect in some degree. Nevertheless, correct weight 
may be determined with such a balance by the two above- 
named methods, assuming that the weights are correct. 
Determined by the method of double weighing, M^ the true 
weight, is given by the equation 

where W is the weight required to balance the body when 
it is in one pan, and W^ is that required when it is in the 
other pan. 

Directions. 

Part A. — Double weighing. 

(1) Weigh some object, first in one pan, then in the 
other. Make several determinations, recording the results 
of each. 

Part B. — ^Weighing by substitution. 

(1) Place the object used in Part A in the right-hand 
pan. Place enough fine shot in the other pan to counter- 
poise the object. 

(2) Allowing the shot to remain in the pan, remove the 
object and counterpoise the shot with weights. Barring 
three small sources of error, you now have the true weight 
of the object. Make several determinations by this method 
and record the results of each. 

Eecord all results in a neat tabular form which shall 
contrast the results obtained by the two methods. 

Calculation's. — Substitute in the equation and solve 
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for the true weight by the method of double weighing. 
Compare the results obtained by these methods. 

Query. — What are the sources of error referred to in 
(2) of Part B ? 



EXERCISE 11 
The Beam Balance : Weigiiiiig by the Method of OBcillations * 

Appakatus. — Same as that of the preceding exer- 
cise. 

Preliminary Discussion. — The student has already 
observed that too much time is consumed in waiting for 
the beam to come to rest in order to determine the point 
of rest. In addition to overcoming this difl&culty, the 
method of this exercise is valuable in that it is more accu- 
rate than any that have preceded it. 

Furthermore, the student has observed how difficult it 
is to secure an exact balance. Fortunately, when this 
method is used, it is not necessary to produce perfect 
equilibrium. 

Directions. — (1) In this method the determination of 
weight is based upon three positions of rest of the pointer. 
Each of these points of rest must be determined separately. 
They are found by observing the turning-points of the 
pointer on the scale. The mean of the turning-points is 
the point of rest. But, on account of the resistances which 
oppose the vibration of the beam, the amplitude of these 
vibrations becomes smaller at each swing. Consequently, 
the true point of rest is not Jialf-tvay between any two suc- 
cessive turning-points. 

For convenience of i;pference let us call the position of 
the pointer, when there is no load in the pan, the first 

* Th wing's Elements of Physics, p. 229. Stewart and Gee, vol. i, 
p. 76. 
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point of rest. To find the first point of rest, proceed as 
follows : 

Take an odd number of turning-points — for example, 
three to the right and four to the left. Suppose the pointer 




Fig. 15. — Precision balance. 



to move over a scale which is numbered from at the left 
to 20 at the right — 10 being the middle point of the scale. 
Suppose, further, that the following sets of turning-points 
are observed : 
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Left. 


Right. 


5.8 


13.3 


6.2 


13.2 


6.5 


12.8 


6.7 


• • • 


125.2 


3)39.3 



Mean, 6.3 Mean, 13.1 

Whence Pi, the first point of rest, is 

6.3 + 13.1 ^ „ 
K = 9.7. 



(2) Having found the first point of rest in this manner, 
place the object in the balance. When approximate equi- 
librium has been obtained, record a new set of turning- 
points from which to compute Pg, the second point of rest. 
(Do not compute the points of rest during the progress of 
the experiment.) 

(3) N^ow, add 1 eg., by means of the rider, or by placing 
a weight of this denomination in the pan. Kecord a third 
set of turning-points from which to compute P3, the third 
point of rest. 

Record data in the following form : 





TURNING POINTS. 




Point of Rest. 


Left. 


Biffht. 


Calculated Point of Rest. 
















f-k 


(1) 






Pi 
































(2) 






P, 
































(3) 






P. 
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Calculations. — From the sets of tuming-points com- 
pute the three points of rest. Substitute in the equation, 

in which M is the true weight of the object, W is the total 
weight in the pan, excluding the weight last added, and 
Pi, Pg, and P3 are the first, second, and third points of rest, 
respectively.* 

EXERCISE 12 

Ghrapliie Bepresentation of BesultB : Belation of Volume and 
Weight of Different Masses of the Same Substance 

Apparatus. — A beam balance. A set of weights. Bi- 
cycle balls of different sizes. A micrometer caliper. 

Pbeliminaky Discussion. — In introducing the student 
to the subject of plotting, it is desirable that the relation 
to be represented should be as simple as possible. Let it be 
required, therefore, to express by means of a curve the 
relation which exists between any volume of a given speci- 
men of bicycle-ball steel and the weight of an equal volume 
of the same specimen. 

Directions. — (1) Measure the diameter of each ball in 
several different diameters. 

(2) Weigh each ball several times. 

Record each determination. 

Calculations. — Compute the mean volume and weight 
of each ball, and record these mean values in the following 

form : Volume. Weight. 

xsu Daii. .............I .... .... 

2d ball .... 

3d ball .... 

4th ball . . . .' .... 

Etc., etc., etc. 

♦In case a milligram weight is added, as directed in (3), above, the 

p p 

equation should read : M= W4- -^ ^ mg. 

is — ill 
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Plotting the Rbbults of the Exercise. — When- 
eyer we are dealing with related quantities, both the nuture 
of the relation and the succeBaive vahies of the quantitiee 
themselves may be represented by means of a cnrre. These 
curves are very aseful in many ways, and particularly bo in 
the respect that a conception of many mathematical rela- 
tions is materially strengthened by a visualization of snch 
relations through the eye. 

Of the many systems of coordination, the system of 
rectilinear coordinatea is perhaps the simplest. Curves 
plotted according to this system are drawn on paper, which 
is divided into small squares — preferably into millimeters 
or tenths of inches— with every fifth and tenth line printed 
heavier than the intervening lines. 



To plot a curve based upon your summary of resulta, 
proceed as follows : 

(1) Select a comer of the sheet of cross-section paper, 
usually the lower left-hand one, for the origin, calling it 0. 
The sides of the sheet are rectilinear, and are fenown as the 
axes: OX, the horizontal line, being known as the asis of 
abscissas, and OY, perpendicular to OX, as the axis of 
ordinates. 

(2) Using a convenient scale, lay off on OX distances 
to represent the several weights given in the snmmary. 
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Call these points a, J, c, d^ etc., respectively. Likewise, on 
OY^ lay off distances to represent the several volumes, call- 
ing these points ai, Ji, Cj, fl?i, etc., respectively. 

(3) Now, with a as a center, and Oai as a radius, de- 
scribe a small arc above a ; also, with ai as a center and Oa 
as a radius, describe a small arc to the right of a^. The 
point of intersection of these arcs is the first point in the 
required curve. 

(4) In like manner, locate points corresponding to b and 
Ji, c and Ci, d and d^^ etc., respectively. 

(5) Finally, connect the points thus determined by a 
smooth curve — so called, whether the line is straight or 
curved. By a smooth curve is meant a line which passes 
through, or near, most of the points. Do not draw a 
broken line from point to point. 

Results. — Should a point fall very far out of the curve, 
such fact discredits the data from which the position of 
the point was determined. Thus, the curve is a ready 
means of detecting, or at least of indicating, errors of 
various sorts. In fact, the curve enables us to detect and 
interpret many relations which otherwise would entirely 
escape our notice. 

Queries. — The quantity A varies directly as B : What 
kind of a curve will satisfy this relation ? Again, A varies 
inversely as B : What curve will satisfy this relation ? A^ 
varies as B^ ; A^ varies inversely as B^ : What curves will 
satisfy these relations ? Could you find the weight of a 
bicycle ball of known volume simply by inspection of the 
curve you have drawn, provided the given value lies within 
the limits of the curve ? 



38 ELEMENTARY PHYSICS 



EXERCISE 13 
Sexuiibility of a Balance * 

Apparatus.— A beam balance. Accurate weights. An 
object to be weighed. Cross-section paper. 

Pbbliminaky Discussion. — The student will remember 
that in Exercise 11 a centigram weight was added in order to 
find a third point of rest from which to compute the entire 
weight required to bring the pointer to the first point of 
rest. N^ow, the labor of making the third determination 
in each weighing may be avoided by knowing, for every 10 
grams of load, within the range of the balance, the number 
of scale divisions through which the point of rest is moved 
by the addition of 1 eg. or 1 mg. For example, the sensi- 
bility of a certain balance, under a load of 200 grams, is 
1.8 divisions. This means that, with 200 grams in each 
pan, the addition of 1 eg. to one pan will cause the position 
of rest to be moved 1.8 divisions. If a table of sensibilities 
is prepared and preserved, much time may be saved in 
future weighing. 

Directions. — (1) Determine the sensibility of the bal- 
ance for every 10 grams of load up to the maximum load of 
the balance. Take the mean of several determinations as 
the true value for each load. 

Record the data in the following form : 

Balance No 



Loads. 




10 
20 
30 
40 
50 
Etc. 



SensibUities. 



Stewart and Gee, vol. i, p. 81. 



J 
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Results and Conclusions. — Compute the sensibility 
for each load used in the exercise. 

Using loads as abscissae and aensibilities as ordinates, 
plot a sensibility curve for jour balance. Paste this curve 
in your note-book. 



Fia. IT. 

In your report give a full and explicit statement of the 
meaning of a sensibility curve and tbe use to which it may 
be put. Before doing so, carefully study the curves given 
in Fig. 17. These curves represent the varying sensibility 
of the same balance under different conditions aa to adjusts 
ment of the instrument. The upper one shows a maxi- 
mum sensibility with a load of zero. The other one shows 
a maximum sensibility with a load of 35 grams. These 
curves seem to indicate that the point of maximum sensi- 
bility may be changed to some extent by adjusting the 
instrument. What are the adjustments referred to? Can 
any practical use be made of our ability to change the 
point of maximum sensibility ? 



CHAPTER n 
ELASTICITY OF SOLIDS 



e 








Fig. 18. 



EXERCISE 14 
Tenacity of Wires 

Apparatus. — Samples of steel, iron, and 
copper wires. A micrometer caliper. A pail of 
suitable size to attach to the lower end of the 
wires. The wires should be attached to the 
support and to the pail in the manner suggested 
by Fig. 18. 

PKELncTXARY DiscrssiON. — As used in 
physics, the i^ord tenacity has a technical, as 
well as a practical, significance. Technically 
considered, the tenacity of a body of uniform 
cross-section is its breaking strength in dynes 
per square centimeter of cross-section. In a 
practical way, the tenacity of a body of uniform 
cross-section is its breaking strength in pounds 
or kilograms per unit of cross-section. (Why 
specify uniform cross - section in both defini- 
tions ? ) 

Directions. — (1) Suspend the pail by the 
steel wire from a firm support. Underneath the 
pail place a box containing sawdust to deaden 
the fall of the pail when the wire breaks. 

(2) Place just enough weight in the pail to 
keep the wire taut. Measure the diameter of the 
wire in several places with the micrometer caliper. 
40 
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(3) Now add a weight which will almost break the 
wire. (The amount of this weight should be given by the 
instructor.) Add shot, little by little, until the wire breaks. 

(4) Weigh the pail with its contents. 

(5) Kepeat (1), (2), (3), and (4), using iron and copper 
wires. 

Becord data in a neat form. 

Calculations and Besults. — Compute the mean 
diameter of each wire. Then compute the breaking 
strength of each wire, in kilograms per square centimeter, 
and in pounds per square inch, of cross-section. 

Bef er to the technical definition of tenacity given above 
and frame an equation which shall express its meaning. 
(Look up the definition of dyne in this connection, if you 
do not know it.) 

Substitute values obtained in the experiment in this 
equation and solve for the tenacity of each kind of wire. 
Compare these results with the corresponding breaking 
strengths in kilograms and pounds. !Note the nature of 
the difference between these results. 

EXEBCISE 15 
Elasticity of Stretching 

Apparatus. — A fine steel or brass wire suspended from 
a firm support close to a millimeter scale. At a distance 
of about a meter apart are placed two reading microscopes 
(ordinary magnifying-glasses will do very well) which are 
to be used to determine the position of the markers with 
respect to finely divided scales mounted near the extrem- 
ities of the meter scale. The lower microscope only is to 
be used in Part A. 

Part A. 

Proposition. — To prove that, within the limits of elas- 
ticity, the elongation of a wire is proportional to the stretch- 
ing force. 
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DiKECTiOKS. — (1) Place a kilogram weight in the scale- 
pan. This weight is to keep the wire taut. Do not re- 
move it throughout the exercise. 

(2) Tie a hair or a fine silk fiber — to be 
used as a marker or index — ^tightly around 
the wire in the field of view of the lower 
microscope. Now read the zero position of 
the index on the scale of the eye-piece, if it 
is provided with one, or on the fine scale of 
the apparatus, estimating the fractional di- 
vision in tenths. 

(3) Place 2 kg., or thereabouts, in the 
scale-pan. Call this weight /, and record 
its exact value. Take the reading of the 
index. 

(4) Again add 2 kg., and record the 
total weight, /i, which, be careful to re- 
member, is the total weight in the scale- 
pan, excluding the weight mentioned in (1). 
Take the index reading. 

(5) Finally, add 2 kg., if the wire will 
carry this weight safely. Eecord f^ and 
take the index reading. 

(6) Kemove all weights with the excep- 
tion of that mentioned in (1). Observe 
whether the index returns to the zero point. 
If it lacks much of doing so, either the wire 
has slipped in the clamp which holds it, or 
an error was made in the first index reading. 

Record the data in the following form : 




Stretching Force. 



Fig. 19. 
A^ reading micro- 
scopes; B, pins; 
0, fine scales ; 
D, meter scale. 



0. (Xo loa<l). 
f = 



Index Beading. 



Elongation. 
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Calculations and Kesults. — State, in the form of a 
proportion, the proposition which is to be verified in this 
exercise. 

In your report give the meaning of this proposition 
in words which are not a repetition of the proposition 
itself. 

Substitute numerical values in the proportion you have 
framed, and verify. 

Using total elongations as abscissas and stretching 
forces as ordinates, plot a curve based on the values given 
in your table of results. (What kind of a curve should 
it be ?) 

Part B. 

PfiOPOSiTiON. — To determine the stretcli modnluB of brass 
or steel wire. 

Preliminary Discussion.* — The stretch modulus is a 
constant which is used to calculate the ability of a body to 
resist elongation. Simply : stated, the stretch modulus is 
that force which will stretch a body to double its initial 
length, provided that, in doing so, the limit of elasticity is 
not exceeded. 

Now, if this modulus be represented by Jf, it can be 

shown that 

^ _ stress ^. 

"" strain' ^ 

But, stress = -r ^ — 2B — (2) 

Area of cross-section ^ ' 

_ ^ . Increase of length ,». 

and strain = i^itiallength ' <^) 

FL 
Whence, M = ^5 (4) 

where F is the stretching force, L is the initial length, I is 
the increase in length, and a is the area of cross-section. 
The stretch modulus, which is sometimes known as 



* Stewart and Gee, vol. i, p. 176. 
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Young*s Modulus, is nsnaliy expressed according to the 
C G. S. system. In substituting in equation (4), therefore, 
F should be expressed in dynes, and a, Z, and / in centi- 
meters. 

Directions. — (1) Measure the diameter of the wire in 
several places with a micrometer caliper. Record these 
measurements in a table supplemental to the one given 
below. 

(2) Proceed as directed in (1) and (2) of Part A, using 
both microscopes. Determine in centimeters the distance, 
Zr, between the indices. 

(3) Place 6 kg. in the scale-pan. Take the reading of 
both indices with great care. 

(4) Remove the load, with the exception of that noted 
in (I) of Part A, and observe whether the indices return to 
the starting-point. (See (6) of Part A.) 

(5) Repeat (1), (2), (3), and (4) at least twice. Record 
data in the form which follows : 





UPPER INDEX. 


Trial. 


(1) 

First position 
(without load). 


(«) 

Second position 

(with load). 


(3) 

Amount of lowerins^ 
in oentimeters. 


(1) 

(2) 
(8) 












LOWER INDEX. 


Trial. 


(4) 
First position 
(without load). 


(5) 

Second position 

(with load). 


(6) 

Amount of lowering 
in centimeters. 


(1) 

(2) 
(3) 









Calculations. — Compute the mean diameter of the 
wire used, and therefrom the area of cross-section. The 
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iacrease of length, I, may be obtained by subtracting the 
amount of lowering of tbe lower index from that of the 
upper index. Substitute eaeh net of values in equation (4) 
and solve for Young's Modulus.* 



EXERCISE 16 
The J0U7 Balance 

Appaeatub. — A Jolly balance. A 
set of metric weights. 

Pkeliminaby Discussion. — The 
Jolly balance is simply a very sensitive 
form of the ordinary spring balance. 
The principles of elasticity already de- 
veloped apply to spring balances. The 
distortion which the spring of the bal- 
ance undergoes when it is extended 
calls into action an elasticity of a 
mixed nature — being, in fact, an elas- 
ticity of bending combined with an 
elasticity of torsion. The element of 
torsion is a minor factor in the case, 
however. The fact that the elonga- 
tion of the spring is proportional to 
the stretching force makes it seem ad- 
visable to introduce the Jolly balance 
at this point. 

PABT A. 

DiBECTiONS. — (1) Read the position 
of the index, with no load in the pan, 
avoiding parallax. 

(2) Place 5 grama in the pan. Read 
the position of the index. 

* Stewart and Gee, vol. i, p. 175. 
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(3) Repeat (1) and (2), with loads of 10, 15, 20, and 25 
grams (if the spring will carry this much), reading the 
position of the index both before and after using each 
weight. 

Record data in the following form : 



TX)AO. 


Reading 
without load. 


Reading 
with load. 


strains. 






5 " 






10 " 






15 " 






20 " 






25 " 








hlongation 
per gram. 



Part B. 

Preliminary Statement. — It is required to weigh 
some object with a Jolly balance without a set of weights. 

Directions. — (1) Take the reading of the index with 
no load in the pan. Place a small object — for example, a 
bit of paper or a piece of a match — in the scale-pan and 
take the reading of the index. On removing the object 
from the scale-pan, observe whether the index returns to 
the zero position. Make several determinations of the 
elongiation produced by each object. 

(2) Place a centigram scale-weight in the pan, and pro- 
ceed as before.* 

(3) Weigh each object with a sensitive beam-balance. 
Kecord data in a neat tabular form. 
Calculations. — Compute the mean elongation of the 

spring per gram. (Use data obtained as directed in Part 
A.) Compute the mean elongation produced by each ob- 
ject. Xow calculate the weight of each object. 

Assuming the weights to be correct, as determined with 
the beam-balance, compute the per cent of error for each 
determination. 



Or a weight suited to the capacity of the spring. 
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Queries. 

(On Part A.) Should the results in the last column 
agree? Did the index return each time to the starting- 
point? Would it have continued to do so if you had in- 
creased the load indefinitely? How would you explain a 
failure to do so? Are the scale divisions of a common 
spring balance of equal size ? Why ? 

(On Part B.) How do the makers of spring balances 
graduate these instruments ? 

EXERCISE 17 
Elasticity of Bending 

,Appabatu8. — A well-seasoned wooden bar supported by 
three-cornered blocks, as shown in Fig. 21. A scale-pan of 
some sort is suspended from the middle of the bar. A 



J 



I. 



n. 



k 




J 



\ 



Fig. 21. 



pointer, moving through a wide range over a scale placed 
about a foot from the bar, is to be used to indicate the 
deflections of the bar. 

Pbopositions. Part A.— (1) The deflection of a rod or 
beam is proportional to the deflecting force when the length, 
breadth, and thickness of the rod or beam are constant. 
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(2) The deflection of a rod or beam is proportional to 
the cnbe of the length of the rod or beam when the deflect- 
ing force and the breadth and thickness of the rod or beam 
are constant. 

DiBECTiONS. — (1) Place the three-cornered supports 
about 80 cm. apart. Call this length L See that the sup- 
ports are as nearly parallel as possible. Place the bar 
squarely on the supports. With no load in the scale-pan, 
read the position of the pointer on the scale. 

(2) Place a load of 200 grams in the scale-pan. Call 
this weight F. Take the reading of the pointer on the 
scale. 

(3) Eemove the weight from the scale-pan and observe 
whether the pointer returns to the position it occupied 
when no load was in the pan. If it does not, repeat (1) 
and (2). 

(4) Place 500 grams in the pan. Call this weight Ft. 
Take the reading of the pointer. 

(5) Place the supports 60 cm. apart. Call this dis- 
tance /g. Place 500 grams in the pan. Call this weight Fg. 

Eecord data in the following form : 

Readings of pointer. 

First, or zero 

Second 

Third 

Fourth 



DXTERMINATION. 


Length. 


Deflection. 


Deflecting force. 


(1) 
(2) 
(3) 


r = 

h = 
h = 


d = 
d^- 
d,= 


F = 
Fr = 
F,= 



Calculations and Eesults. — From your table of 
pointer readings determine the number of scale divisions 
through which the outer end of the pointer was moved by 
each load used. These distances, or scale divisions, may 
represent the respective deflections, d, d^^ and d^. Why ? 
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Frame a proportion which shall express proposition (1). 

Frame a proportion which shall express proposition (2). 

Substitute in these proportions, and verify. 

Include in your report, in the simplest and most direct 
language you can use, a concise statement of the meaning 
of the above propositions. 

Pabt B.— Alternative method. 

Appabatus. — Two well-seasoned wooden bars, sup- 
ported on knife edges. A metal pin projects above the 
surface of each bar, about the middle. A spherometer is 




Fio. 22. 



mounted on a firm support and is so placed that the 
screw of the spherometer is directly over the pin just 
referred to. 

Preliminaby Discussion. — In Part A the breadth 
and thickness of the bar were not considered. It is the 
purpose of Part B to take account of these factors. 

Proposition. — When a bar is bent within the limits of 
elasticity the deflection is directly proportional to the de- 
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fleeting force and to the cube of the length, and invenely 
proportional to the breadth and to the cnbe of the thick- 
neaa 

Directions. — (1) Using the narrow bar, proceed as 
directed in (1) and (2) of Part A, with the exception that 
readings of the spherometer are to be taken in place of 
pointer readings.* Measure the length of the bar with 
great care. Measure the breadth and thickness of the bar 
at several places. Becord all measurements and take their 
mean at the proper time. 

(2) Adjust the apparatus to use the broader bar. Use 
a load of 500 grams. Take spherometer readings as directed 
in (1), above. Measure the length, breadth, and thickness 
of the bar. 

Eecord data in the following form : 



Spherometer Readings. Linear scale. 

1 




Circular scale. 


. First, or zero. 
Second. 

Third. 

1 




Bar. 


Load, F. 


Length, L Breadth, h. 


T 

1 


hickness, t. 


Deflection, d. 


(1) 






Mean^ . . 


\tean^ . . 




(2) 




^ ^ -^ 


Mtan^ . . 








1 


)feany . . 





Calculations and Eesults. — From the readings of 
the spherometer calculate the deflection for each load. 



* A reading of the spherometer should be taken before a load is 
placed in the pan. 



ELASTICITY OP SOLIDS 51 

Eecord these deflections in your table of results. Compute 
the mean breadth and thickness of both bars. 

Frame a proportion which shall express the law of bend- 
ing given under Preliminary Discussion of Part B. Substi- 
tute numerical values in this proportion, and verify. 

Problem. — Suppose a pine timber, 2 inches thick and 4 
inches wide, carries with safety a load of 100 pounds at its 
middle point when the distance between the supports is 8 
feet. How great a load can a similar pine timber carry 
if its thickness is 12 inches, its width is 8 inches, and the 
distance between the supports is 12 feet, assuming both 
timbers to be of similar shape and material, and a deflec- 
tion of 0.25 inch to be permissible in both cases ? 

EXERCISE 18 
Elasticity of Torsion 

Apparatus. — Two brass rods, approximately of the di- 
mensions indicated in the problem given below. These 
rods are to be used, one at a time, in the apparatus shown 
in Fig. 23. If the 
bearing in the 
right - hand up- 
right is properly, 
made and lubri- 
cated, the appar p,^ 23 
ratus may be made 

to yield excellent results. A simpler though less satisfac- 
tory form of the apparatus is shown in Fig. 24. 

Proposition. — Suppose a rod to be fixed at one end and 
a twisting force to be applied at the free end. Let it be 
required to prove : 

The angle through which the free end of the rod may 
be twisted is directly proportional to the twisting force and 
to the length of the rod, and inversely proportional to the 
fourth power of the diameter of the rod. 
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Directions. — (1) Use a weight which will twist the 
smaller rod through a moderately large angle. (The in- 
structor should suggest the magnitude of this angle.) 

Call the twisting force /, and the 
angle of torsion T. Measure the 
length of the rod.* Call it I, 
Measure the diameter, d^ of the rod 
in several places with a micrometer 
caliper. Bepeat all these operations 
at least twice. 

(2) Eemove this rod from the 
apparatus and substitute the larger 
one. Place the pulley so that the 
length of the rod, as already defined, 
shall be different from its former 
value. Proceed as directed in (1), 
above, calling the angle of torsion Ti, the twisting force 
/t, the length /i, and the diameter di. Bepeat as be- 
fore. 

Becord linear dimensions in centimeters. Use the fol- 
lowing form : 




Fio. 24. 



Rod. 


Trial. 


Twisting 
force. 


1 
Length. | Diameter. 


Angle of 
torsion. 


Larger 


1 
2 
3 
4 

Etc. 


Mean, 


Meom^ 


Mean, 






Mean, 


Smaller 


1 
2 
3 
4 

Etc. 


Mean, 


Mean, 


Mean, 






Mean, 



*This length is the distance from the fixed end of the rod to the 
point at which the angle of torsion is determined. 
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Calculations and Eesults. — Compute the mean 
values called for in the tabular form. 

Frame a proportion which shall express the proposition 
to be proved in this exercise. 

Substitute mean numerical values in this proportion, 
and verify. 

Problem. — A brass rod having a diameter of 0.6 cm. is 
twisted through an angle of 16° by a force of 6 kg. applied 
46 cm. from the fixed end of the rod. What force will be 
necessary to twist a brass rod of similar shape and material 
through an angle of 8°, if the diameter of the rod is 1.2 
cm. and its length is 90 cm. ? 
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EXERCISE 19 

Composition of Parallel Forces 
Part A. 

Apparatus. — A meter-stick suspended at its extrem- 
ities by two spring balances. A weight suited to the capa- 
city of the spring balances. 

Preliminary Discussion. — By composition of parallel 
forces is meant the process of finding a single force which 

is equivalent to the 
combined effect of the 
parallel forces. Each 
of the given parallel 
forces is called a com- 
ponent force. The 
single force which is 
equivalent to these 
forces is called the re- 
sultant. 
Directions. — (1) Suspend the balances at the same 
height and see that the meter-stick is practically horizontal. 

(2) Call the left-hand balance A and the right-hand one 
B, Call the points on the meter-stick at which A^ B, and 
the weight, F^ are attached, C^ D and E^ respectively. 

(3) Take the index readings of A and B before F is 
suspended from the meter-stick. These will be the zero 
readings. (Why is it necessary to take zero readings ?) 

54 
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(4) Locate E at unequal distances from C and D, 
Eecord the amount of weight, F^ and the index readings 
of A and B. Measure CE and DE, 

(5) Bepeat (4) four times, using different distances 
each time. 

Record the data in the following form : 



Trials. 



(zero) 

(1) 

(2) 
(3) 
(4) 
(5) 



Heading of 
A. 


Reading of 
B. 


,CE. 


DE. 


AxCE. 













BxDE. 



Results. — Show, by the principle of moments, that the 
following equations are true : 

{I) Ax CE= B X DE. 
(2) Fx 0E= B X DC. 
\^) Fx DE=A X DC. 
(4) FxDC={AxDC) + {Bx DC). 

Pabt B. — Alternative method. 

Appabatus. — A home-made appamtus of the form sug- 
gested by Fig. 26 may be constructed which will give re- 



o 



V 



tz 



TK 



L^ 



&j 



K 



A 



3 



Fig. 26. 



suits much more accurate than those obtained by the use 
of spring balances. By careful counterpoising before be- 
5 



56 ELEMENTARY PHYSICS 

ginning the exercise proper, the weight of the levers may 
be almost wholly eliminated. 

Pboposition. — Let it be required to prove the truth 
of the following equations : 

Ax Ce = B xDe. 

E xCe = B XDC. 

JExBe z= A xDa 

Ex DC={AxDC) + (BxDC). 
Preliminary Discussion. — The effect of the weights 
placed in A and B is to produce forces which act in an up- 
ward direction at and /?, resp.ectively. When a weight 
is hung from the bar at e, that point becomes the point of 
application of the resultant of the three forces due to the 
weights in ^, ^, and E, respectively. The total weight at 
e is also the equilibrant of A and B^ and is, of course, equal 
to their resultant. 

Directions. — (1) Before suspending E from the "bar, 
counterpoise the bar by placing sand or fine shot in A and 
B. When this has been done as perfectly as possible, all the 
levers should be sensibly horizontal. The levers should 
not bind at and K, The success of this method depends 
in large measure upon this particular point. 

(2) Suspend E from the bar at unequal distances from 
C and D. Place a small light vessel in both A and B — e. g., 
a small tin cup. Place a kilogram weight in E. Now, 
pour fine shot or sand into the tin cups in A and B until 
the system of levers is in perfect equilibrium. 

(3) Eemove E and the tin cups from the apparatus. 
Determine with great care the weight of each. Let A rep- 
resent the weight of the cup and shot removed from pail 
A, and B that of the cup and shot removed from pail B. 

(4) Repeat (1), (2), and (3). 

Record data in a form similar to the one suggested in 
Part A. 

Results. — Substitute numerical values in each of the 
equations given above, and verify. 
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EXERCISE 20 
Besultant of Three Forces Concurrent in One Plane 

Apparatus. — A resultant of forces apparatus of the 
Nichols form, o^s in the absence of one, the apparatus 
shown in Fig. 28 will answer fairly well.* 

Directions. — (1) Place weights of such magnitude in 
the scale-pans as to cause 
the cords A and BO to 
form at the angle which 
is shown in the figure. 
(An approximation to 
this angle is all that is 
meant.) 





Fig. 27. 



f 

Fig. 28 



(2) With a sharp pencil, held perpendicular to the 
paper, trace the angles formed by the cords at 0. (Each 
student must make a tracing.) 

(3) Eemove the scale-pans. Weigh each with its con- 
tents. These weights are the forces which act in the direc- 
tion of 00^ OB, and OA, respectively. 

(4) Repeat (1), (2), and (3), using weights of such mag- 



See Nichols's Laboratory Manual, vol. i, p. 40. 
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nitude as to form at angles different from those produced 
as directed in (1), above. 

(5) In case apparatus of the Nichols form is available, 
arrange the apparatus to use four and five concurrent 
forces, acting as shown in Fig. 27. Proceed to make trac- 
ings in each case, as directed in (2), above. 

Becord data in a neat form. 

GRAPHICAL DETERMINATION OP THE RESULTANT 

The weights at C, E^ and F act at the point O, in the 
direction of OC, OB^ and OA^ respectively. Now, if the 
magnitude of these forces be represented on the corre- 
sponding lines, their resultant may be determined graph- 
ically. 

Using any convenient scale, from on OC, on OB^ 
and on OA^ lay off distances to represent these forces. 
Draw OH^ the resultant of OB and OA, Determine the 
numerical magnitude of OH by scale. 

Now, the force C balances that of E and F. That is, 
OC must be equal to the resultant of OB and OA^ and 
opposite to it. Since 0(7 is equal and opposite to OH^ the 
resultant of the three forces must be zero. This reason- 
ing may be extended to a similar case wherein any number 
of forces is involved. 

Observe, finally, that the critical test to be applied in 
proving that the resultant of several forces is equal to zero, 
consists in proving that any one of them is equal to the 
resultant of all the rest, and opposite thereto. 



EXERCISE 21 
On Machines: Law of the Lever 

Apparatus. — A lever provided with scale-pans whose 
points of suspension may be located at pleasure along the 
lever. A balance and a set of weights. 
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Preliminary Discussion.— In this exercise the weight 
of the lever need not be considered, since it is balanced 
before the scale-pans are attached.* In the next exercise, 
however, the lever will be treated as an actaal, not an 
ideal, one. 



r> 





r) 



^ 



M 



Fig. 29.— Lever of first class. 



A lever may be used in three different ways, as shown 
in Figs. 29, 30, and 31. 




Fig. 80. — Lever of second class. 

In each figure, let A and B be the point of application 
of the force and the load, respectively, and the fulcrum. 
Then -40 is known as the arm of the force^ and BO sls the 
arm of the load, 

* Before performing the operations indicated in (1), (3), and (4), the 
lever or combination of levers must be balanced. This may be done 
conveniently by means of riders of wire which may be shifted along 
the levers. 
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We may now state the fundamental law of all machines, 
in two ways, as follows : 

(1) Force X Its Arm = Load X Its Arm. 

(2) Force X Distance Force Moves = Load X Distance 
Load Moves. 

DiRECTiONS.^(l) Arrange the lever so that shall be 
between A and B^ but nearer to one than to the other. 
Place a small weight in one scale-pan. Counterpoise with 
shot and bits of paper. Carefully weigh each scale-pan 
with its contents. 

(2) Measure AO and BO in centimeters. 

(3) Arrange the apparatus as shown in Fig. 30. Pro- 
ceed as directed in (1) and (2). 




Fig. 81. — Lever of third class. 



(4) Arrange the apparatus as shown in Fig. 31. 
ceed as directed in the latter part of (1) and (2). 
Tabulate results in the form which follows : 



Pro- 



Relation. 


Force. 


Force-arm. 


Load. 


Load-arm. 


(1) 

(3) 
(3) 











Calculations. — Substitute each set of values in equsr 
tions (1) and (2), and verify. 



MECHANICS OP SOLIDS 61 

EXERCISE 22 
On MachineB : The Practical Lever 

Apparatus. — A rectangular wooden or iron bar, 4 feet 
long. A triangular block to be used as a fulcrum. Two 
improvised scale-pans. Weights of such magnitude as will 
not sensibly bend the bar. 

Let be the fulcrum and A and B the points of sus- 
pension of the force and load, respectively. 

DiBECTiONS. — (1) Make several measurements of the 
breadth and thickness of the bar, to make sure that it is 
approximately rectangular. 

(2) Weigh the bar. Measure its length with great care. 

(3) Arrange the apparatus as shown in Fig. 29. Place 
a weight in scale-pan L. Counterpoise the weight which 
is suspended from A with weights and shot suspended 
from B. 

(4) Determine the total force applied at A and the total 
load applied at B, Measure the arm of the force and that 
of the load. 

(5) With at other positions, repeat (3) and (4). 
Becord data in a neat tabular form. 

Eesults. — It is evident that the total clockwise moment 
involved in this exercise must consist of two parts : (1) The 
moment of the load. (2) The moment due to the weight 
of the part of the bar B 0. In like manner, the counter- 
clockwise moment about must consist of the moment of 
the force and that due to the weight of the part of the bar 
AO. But the algebraic sum of these moments is zero — 
that is, calling clockwise moments positive, and counter- 
clockwise moments negative, we have. 

Mom. of Load + Mom. of BO— Mom. of Force — Mom. ofAQ=0. 

Calculate the numerical value of the moments desig- 
nated in the equation given. 

Substitute these values in the equation, and verify. 
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Problem. — A lever has a uniform cross-section and is 
used as a lever of the first-class. The arm of the force is 4 
feet. The load to be lifted is 200 pounds, and the load-arm 
is 8 inches. Taking the weight of the lever, 8 pounds to 
the running foot, into account, what additional force, if 
any, must be employed to counterpoise the load ? 

EXEKCISE 23 
On Machines : The Pulley 

Apparatus. — Sets of single and double pulleys. The 
cords which pass over the pulleys are provided with scale- 
pans. The one in which a lesser weight is to be placed 
may be known as F and the other as L. 

Part A. — Combination of a double fixed pulley and a 
single movable pulley. 

Directions.— (1) Place a kilogram weight in L. Put 
just enough fine shot or sand in F to cause it to descend 
very slowly. Weigh the scale-pan with its contents. Call 
this weight F^. Replace the scale-pan. Remove just 
enough shot to cause the pan to rise very slowly. Weigh 
the pan with its contents. Call this weight Ff. Then the 
true force, F^ is given by the simple equation, 

F=^l±^. (Why?) 

(2) Weigh the total load, X, including movable pulley. 

(3) Next determine how far, in centimeters, F moves 
when L moves 15 cm. Let D be the distance F moves, and 
Z>i the distance L moves. 

(4) Repeat (1), (2), and (3), using different loads. 
Part B. — Combination of a double fixed pulley and a 

double movable pulley. 

Directions. — (1) Arrange the apparatus as shown in 
Fig. 33. 

(2) Proceed as directed in (1), (2), and (3) of Part A. 
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Record data in the following form : 



Triai. 


>•,- 


F, j 


-. 


,.. 1 D. 


!>.■ 


8 














Calculations and Conclusions.— Make a simple rule 
for determining the advantage to be derived from any com- 
bination of pulleys, neglecting friction. 

Substitute each set of valaes in the general law of 
machines, and verify. 
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EXERCISE 24 
On Machines: The Inclined Plane 

Appaeatus. — ^An inclined plane, adjustable to different 
angles. A car with good bearings. A balance. A set of 
weights. 

Directions. — (1) Adjust the inclined plane to an angle 
of 20°. 

(2) Place about 100 grams in the car. Weigh the car 
with its contents, and call this weight the load, L. Now 




Fig. 84. 

put just enough sand into the scale-pan to cause the car to 
move slowly up the inclined plane. Weigh the scale-pan 
with its contents, calling this weight F^* Replace the pan. 
Remove just enough sand to cause the car to move slowly 
down the incline. Weigh as before, calling this weight F^. 
Then the true force, F^ is given by the equation, 

F^^F^ 



F = 



2 



(3) Measure the length, Z), of the inclined plane. This 
is the distance through which the force must move in order 
to lift the load to the top of the incline. Measure the 
vertical height of the inclined plane, A- (Disregarding 
friction, it requires no work to move the car in a horizontal 



MEOHAKICS OF SOLIDS 



65 



direction, the work being entirely expended in lifting the 
car through a distance equal to the height of the inclined 
plane. Therefore, />i, the distance the load moves, is the 
vertical height of the inclined plane). Repeat (1), (2), 
and (3) several times. 

(4) Repeat (2) and (3), using an angle of 46°. Record 
data in the following form : 



Anglk. 



30 



45' 



Trial. 


F,. 


F,. 


F. 


D. 


L. 


(1) 
(2) 

Etc. 

(1) 
(2) 

Etc. 























CALorLATiONS. — Compute mean values of F^ i, Z>, 
and A* Substitute these values in the general law of 
machines, and verify. 

QuEBiES. — Why can a person move a very heavy weight 
to a considerable height by means of an inclined plane? 
How does he obtain the advantage which enables him to 
move the weight ? 



EXERCISE 25 
On Machines : The Wheel and Axle 

Apparatus. — A wheel-and-axle , apparatus. A meter- 
stick. Outside calipers. 

DiEECTiONs. — (1) Place several kilograms in the scale- 
pan attached to the cord which passes over the smaller 
wheel, or axle. Call this weight L, Proceed, as directed in 
Exercise 23, to find the true force, F^ which will balance this 
load. Measure the distance through which F moves while 



uti 
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L tnoveB a given distance, say 1 dm. Call the former D, 
and the latter D,. Measure with the outside calipers the 
diameter of the wheel and that which serves as the axle. 
Call the radius of the wheel R, and that of the axle fl,. 

(2) Repeat (1) several times, using different weights. 

Becord data in the following form : 



Results. — Compute mean value of F, L, D, Z*,, R, and 
Rf Sahstitute mean values iu the general law of machines, 
and verify. Substitute in the equa- 
tion, 

FR = LR^, 
and verify.* 

Queries.— Why is the crank of 
a derrick - windlass made long ? 
Why did you measure R and ^i ? 
Why can an enormous weight be 
lifted by a single man by means of 
a wheel and axle (or windlaaa) prop- 
erly constructed ? (Be clear and 
Fio. 35. definite in your answers.) 
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EXERCISE 26 
On MacliineB : Starting and Sliding Friction 

Apparatus. — The inclined-plane apparatus used in Ex- 
ercise 24. A meter-stick. A balance and set of weights. 




Y 



^ 



E 



^ 



Fig. 86. — A^ inclined-plane apparatus used in Exeroise 24 ; 
B, leveling table (may be dispensed with). 




Peeliminary Discussion. — When one body is placed 
upon another, the adhesion between the faces in contact 
tends to prevent any relative motion of either. A certain 
and considerable force must be employed to cause one to 
start to slide over the other. The amount of force neces- 
sary to start this motion is greater than that necessary to 
maintain it. 

There is always a definite relation existing between this 
force and the effective pressure of the upper body against 
the lower. This relation depends upon the material and 
condition of the bodies under consideration, and is known 
as the coefficient of friction. 

When ^is the force necessary to start, or to maintain, 
motion of one body upon the other, and F is the effective 
pressure exerted by the body to be moved, the coefficient 
of starting friction, as well as that of sliding friction, is ex- 

pressed by the ratio, p. When these coefficients are to be 

determined by the method of the inclined plane, either co- 
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BC 



eflScient, a = -j^. The truth of this statement will be 

apparent from a consideration of the following : 

Let TF be a block and weight which will just start to 
slide down the inclined plane, AB^ when the latter makes 




Fio. 87. 



a certain angle with the base, AC. (The amount of this 
angle depends upon the character of the two surfaces in 
contact, as already stated.) This angle is called the angle 
of repose. 

The force of gravity acting between the earth and the 
block in the direction of EK may be resolved into two rect- 
angular components, one of which, ED^ perpendicular to 
AB^ produces the pressure against AB^ while the other, 
EG^ produces motion in the direction of BA, Now, EG 
is equivalent to F and ED to P. 



But by geometry — 



BC 
AC 



Whence, a = 



BC 
AC 



Part A. — Coefficient of starting friction. 

(I) Motion 171 the horizontal. 

Directions. — (1) Place a pine block, of dimensions 
2 X 7 X 10 cm. on the board. Both block and board should 
be freshly sand-papered. Attach a cord to one end of the 
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block and pass it over a pulley which is fastened to one 
end of the board. Attach a pail to the cord to serve as a 
scale-pan. Place a 500-gram weight on the block. 

(2) Now, little by little, place weights in the scale- 
pan until the block starts to move. Weigh the scale-pan, 
with its contents. This weight is the starting force, 
F. (A further small amount might be added or sub- 
tracted — which? — to allow for the friction - loss in the 
pulley. Determine this loss if you can and allow for 
it.) 

(3) Weigh the block. This weight, plus that of the 
500-gram piece, is the pressure, P, 

(4) Place the block and weight at other positions on 
the board, and proceed as directed in (1), (2), and (3). 

(II) Motion 071 an inclined plane. 

Directions. — (1) Place the weight on the inclined 
plane while it makes but a small angle with its base. 
Now, slowly and carefully elevate the inclined plane 
until the weight will just start to slide. Measure BC 
and A C, as shown in Fig. 37. Eepeat as directed in (4), 
above. 

Part B. — Coefficient of sliding friction. 

(I) Motion in the horizontal. 

Directions.— (1) Proceed as directed in (1), (2), (3), 
and (4) of (I) of Part A, except that just enough weight 
is to be placed in the scale-pan to cause the block and 
weight to move slowly and with uniform motion along the 
board. While this is being done, the board should be 
tapped continuously to overcome the starting friction, 
which, as already noted, is greater than the sliding friction. 
Eepeat. 

(II) Motion on an incli7ied plane. 

Directions. — (1) Proceed as directed in (II) of Part 
A. The block should move as described in (1) of Part B. 
The board should be tapped while the weights are being 
placed in the scale-pan. Eepeat. 
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Record the data in the following form : 





■OTION IN THE HORIZONTAL. 


MOTION ON JlS INCUNKD PLANK. 


Part. 
















Trial. 


F. 


P. 


TrinL 


BC. 


AC. 




(1) 






(1) 








(2) 






(2) 






A 


(3) 
(4) 






(3) 
(4) 








Etc. 






Etc. 






(1) 






(1) 








(3) 






(2) 






B 


(3) 






(3) 






* 


Etc. 






(4) 
Etc. 







Calculations. — Compute mean values of F^ P, BC^ 
and A C, Compute the coefficient of starting and sliding 
friction by both methods and compare results. 

Queries. — Which coefficient should be greater ? Why ? 
Why is it so difficult to start a heavily loaded train or 
truck ? 



EXERCISE 27 
The Gravity Pendulum 

Apparatus. — Pendulum-balls of different weights. Fine 
wire for suspension. A suitable clamp for holding the wire.* 
An electric bell, or telegraph sounder, which is to be oper- 
ated by a pendulum provided with a circuit-closing device. 
A bar-pendulum whose center of suspension may be shifted 
along the bar. 

Prelimin^ ARY Discussion. — This exercise should dem- 
onstrate the truth of the following principles : 

(A) The law of isochronism. 

* Two forms of pendulum clamps are shown in Fig. 38. The smaller 
one should be made of brass or strap-iron. The larger one, when made 
of hardwood, is very satisfactory. 
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Fig. S8. 



(B) The period of a pendalum is independent of the 
weight of the pendulum. 

(C) The law of length and time. 

(D) The period of a compound pendulum having a 
given apparent length is dif- 
ferent from that of a simple 
pendulum having the same 
length. 

(E) A compound pendu- 
lum is equivalent to a given 
simple pendulum when the 
periods of the two are the 
same. 

DiEBCTioNS. (Note. — In 
all operations whose purpose 
is to determine the period of 

a pendulum, one student should count the time while an- 
other counts the number of vibrations. In each case set 
the pendulum swinging and begin the count at a pre- 
arranged signal.) 

Paet a. — (1) Set the pendulum swinging through an 
arc of about 10 cm. Count the number of vibrations made 
in, say, 3 minutes. Record the exact time and the number 
of vibrations. 

(2) Set the pendulum swinging through an arc of about 
20 cm. Proceed as directed in (1). Be very certain that 
the length of the pendulum has not been changed. 

Part B. — (1) Using a pendulum-ball whose weight is 
about 100 grams, determine the number of vibrations which 
this pendulum makes in 3 minutes. Record the number 
of vibrations and the exact time. Carefully measure the 
length of this pendulum. 

(2) Use a pendulum-ball whose weight is about 500 

grams. Adjust the pendulum so that its length shall 

equal the length of the one just used. Proceed precisely 

as directed in (1). 
6 
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(3) Suspend two pendulums side by side, one having a 
light ball and the other a heavy one. Adjust them so that 
their lengths shall be as nearly the same as you can make 
them. Set them both swinging together. Count the 
number of vibrations which each pendulum makes in 3 
minutes. 

Part C. — (1) Adjust a pendulum so that its length 
shall be about 50 cm. Count the number of vibrations 
made by it in 3 minutes. This pendulum may be assumed 
to approximate a simple one if the ball is comparatively 
heavy and the suspension wire is very light. Measure the 
length of this pendulum, I. 

(2) Adjust the length of the pendulum just used so 
that its length shall be about 100 cm. Proceed as directed 
in (1), just preceding, and call the length of this pen- 
dulum Zi. 

(3) Eepeat (1) and (2). 

Parts D and E.— (1) Adjust the bar-pendulum fur- 
nished you so that its length shall apparently equal that of 
the simple pendulum used in (2) of. Part C. Determine 
the period of each. 

(2) Adjust the length of the simple pendulum so that 
the periods of the two shall be the same. Measure the 
length of the simple pendulum. 

Record data in a tabular form. 

Calculations. — Compute for both lengths the period 
of the pendulum used in Part C. Substitute in the law of 
length and time, and verify. 

Queries. — With reasonable care the student will be 
able to secure results which are accurate to a surprising 
degree. How may this be explained ? What would follow 
if the law of isochronism were not true ? Does the weight 
of the pendulum, or that of the ball, have anything to do 
with the period of the pendulum ? What is the length of 
the compound pendulum used in Parts D and E ? 
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EXEKCISE 28 
Determination of the Local Value of g 

Apparatus. — Same as that used in Exercise 27. 

Prelimijs^ary Discussion. — The principal object of 
this exercise is to direct the attention of the student to 
the fact that the force of gravitation at a given place on 
the earth's surface depends upon the distance of the place 
from the center of the earth. This distance is determined 
by two things : (1) the altitude above sea, and (2)' the lati- 
tude of the place. The effect of only the former will be 
considered in this exercise. 

Since it is the force of gravity which causes the pen- 
dulum to vibrate, the rate of the vibration must be a 
measure of the force which produces it. Hence the period 
of a pendulum at a given place depends upon the value of 
the force of gravity at that place. 

Now, the mutual relation which exists among the ele- 
ments involved in a gravity pendulum is expressed by the 
equation. 

The student has no doubt already discovered that he is 
able to determine the period of a pendulum with far 
greater accuracy than he is able to measure its length. 
Hence it follows that, granting the truth of the law of 
length and time, the length of a pendulum, as computed 
from Us period, will be found to yield more satisfactory re- 
sults than its length as determined by direct measurement. 
With these ideas in mind, the student is asked to verify 
the above equation in two ways : 

(A) By using a directly measured value of I 

(B) By using a value of Z, computed from the period of 
the pendulum. 
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Directions. — (1) Measure the length of the pendulum 
with great care. Bepeat this operation several times. 

(2) Determine the period of the pendulum used. Ee- 
peat this operation at least three times. 

Becord data in a neat tabular form. 

Calculations. — Using the directly measured length 
of the pendulum, substitute in the above equation, and 
verify. 

Compute the length of the pendulum from its observed 
period, using the law of length and time. 

Using this computed length, substitute and verify again. 

Compare these results with each other and with the ac- 
cepted local value of gravity. 
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EXERCISE 29 

Cohesion of Water: Adhesion between Glass and Mercury, 

and between Iron and Mercury 

Appaeatus. — Rectangular pieces of glass and iron, 
about 7.5 cm. square, to be suspended from a balance, as 
shown in Fig. 39. 

Directions. — (1) Before beginning the experiment, see 
that the plates are perfectly clean. The iron plate should 
be free from oil and rust. 
Place a block about a centi- 
meter below the right-hand 
scale-pan to serve as a stop. 

(2) Suspend the glass 
plate from the left-hand arm 
of the balance. See that the 
plate is suspended horizon- 
tally before proceeding fur- 
ther. 

(3) Place a shallow glass 
vessel below the plate, as 
shown in the figure. Pour 
water into the vessel until the water rises and comes in 
contact with the under side of the plate. Be very careful 

not to get any water on the upper side of the plate. 

75 




Fig. 39. 
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(4) Now, slowly and gently, pour fine shot into the 
proper scale-pan of the balance until the glass plate is 
pulled away from the water. 

(5) Weigh the shot in grams. 

(6) Measure the length and width of the glass plate in 
centimeters. 

(7) Repeat (1), (2), (3), (4), and (5), using mercury in- 
stead of water. 

(8) Repeat (1), (2), (3), (4), and (5), using mercury and 
an iron plate.* 

(9) Repeat (8). 

Record data in the following form : 





Area op Glass Plate in Sq. Cm 


Liquid. 


TOTAL WEIGHT IN PAN. 


SEPARATING FORCE 




Trial. 


IN GRAMS PER S<2. CM. 




1 


2 


8 


4 


5 


Mean. 




Water.. . . 


















Mercury. . 



























Area op Iron Plate in S<j 


L/M. • • 






TOTAL WEIGHT IN PAN. 


SEPARATING FORCE 




Trial. 


IN GRAMS PER SQ. CM. 




1 


2 


8 


4 


5 


Mean. 




Mercury. . 

















Calculations and Results. — Compute the mean total 
weights called for in the table. Calculate the area of both 
plates and the separating force, in grams per sq. cm., for 
each case. Each separating force is a measure of what 9 



* An iron plate is suggested for the reason that it is less difficult to 
suspend than the glass plate. Its use also lends some variety to the 
exercise. 
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QuGBiES. — Why ig it so hard to lift a board straight up 
out of the water— i. e., to lift it out of the water, keeping 
it horizontal all the while ? Why is it far easier to lift it 
oat edgewise ? 

EXERCISE 30 
Boyle'a Law 

Appaeatus.— A Boyle's Law apparatus as shown in Fig. 
40.* This form of the instrument may be readily and 
cheaply improvised by mounting a glass tube 
at each side of an ordinary meter-stick. The 
left-hand, or A tube, should be about 45 cm. 
long, and closed at its upper end. The B tube 
should be over a meter long. Both tubes 
should be joined at their lower ends to a Y-tube 
provided with a stop-cock. A barometer. 

Preliminary Discussion. — In the perform- 
ance of this exercise it will be necessary to 
measure the volume of the gas — air in this case 
— and the pressure to which the gas is sub- 
jected. In the operations which follow, let a 
be the height of the mercury surface in tube 
B, let b be that of the mercury surface in tube 
A, and C be the upper end of the closed tube. 
Then, in each case, the volume of the confined 
air will be given by C—h. {While it is true 
that C— J is really the length of the air column, 
nevertheless it may be taken to represent the 
volume. Why?) Tio. V). 

Part A.— Proof of the law for prewurei greater than 
one atmosphere. 

Directions.— (1) Preliminary to the operations of Part 

*The wording and method of this exercise ma; be easiljr adapted 
to other fonns of apparatus— e. g., the sliding form, shown in Fig. 41. 
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A, the mercury in both tubes should be brought to the 
Bame level, about the middle of tube A. 

(2) Pour mercury into tube B uutil the difference be- 
tween the heights of the columns is about 10 cm. Take 
readiugB of a, b, and C 

(3) Proceed to make at least nine other pairs of observa- 
tions — one reading of (7 being sufficient. The difference 

of level should be increased about 10 cm. each 
time. Record readiugs a and b for each case. 

(4) Repeat the operations of (2) and (3), but 
in the reverse order. This may be done, and a 
series of decreasing pressures may be obtained, 
by opening the stop-cock and allowing some 
mercury to mn out. Decrease the difference of 
level by about 10 cm. each time. It is not 
necessary to be exact in this particular. Record 
readings a and b for each case. 

Pakt B. — Proof of the law tat pieamres leu 
than one atmoopliere. 

Preliminary Discussion. — If, when the 
levels of the mercury are the same, the stop- 
cock be opened, the mercury which runs out 
will cause the column in tube B to stand at a 
lower level than that of the column in tube A. 
Now, it is evident that this will indicate an 
excess of mercury pressure in the closed tube. 
Hence it follows that the pressure of the con- 
fined air, plus the downward pressure of the 
P,~4i mercury in the closed tube, is exactly equal to 
the atmospheric pressure acting upon the mer- 
cury surface in tube B. Whence it appears that whenever 
the column in B stands below that in A, the pressure of 
the confined air is less than one atmospkere. 

Directions. — (!) Observe the same preliminary direc- 
tion that is given in Part A. 

(2) By allowing mercury to run out, cause the column 
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in ^ to stand about 10 cm. below the column in A. Ke- 
cord the readings a and h, 

(3) In the same manner proceed to make several other 
observations. Cause the column in B to stand about 10 
cm. lower each time. (Caution : In no case should the 
mercury be allowed to fall below the bend.) Eecord the 
readings a and h for each case. 

(4) Eepeat (2) and (3), but in the reverse order, "this 
may be done by pouring mercury into B, Increase the 
height of the column in B by about 10 cm. each time. 
Record readings a and h for each case. 

Eecord data in the following form : 



Part. 


Trial. 


a. 


h. 


Height of mer- 
cury col. in B. 
(a - b.) 


Total press, in 
cm. of mer- 
cury. 


Vol. of con- 
fined air. 
(C-6.) 


(A) 


1 
2 
3 

4 

5 

Etc. 












Part. 


Trial. 


a. 


b. 


Height of mer- 
cury col. in A. 
(6 - a.) 


Total press, in 
cm. of mer- 
cury. 


Vol. of con- 
fined air. 

(C-fe.) 


(B) 


1 
2 
3 
4 
5 
Etc. 













Eleight of barometer cm. 



Calculations and Eesults.— First, under this head 
in your report, state Boyle's Law in the form of a propor- 
tion. It is this proportion which the work of this exercise 
is intended to verify. 

Compute the total pressure for each case. In Part A 
the total pressure is the mercury pressure as recorded in 
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column 5 of the table, plus the atmospheric pressure for 
the day and hour as indicated by the barometer. Com- 
parative results are sufficient in this exercise. Therefore, 
the total pressure may be conveniently expressed in centi- 
meters of mercury. In Part A, the total pressure in each 
case will then be represented by the height of the barom- 
eter, plus the height of the mercury column, a — b. In 
Part B, the total pressure may be represented by the height 
of the barometer, minus the height of the mercury column, 
b — a. In every case the volume of the confined air may 
be represented by 0— b. 

Compute the total pressure and volume for each case, 
as just directed. 

Substitute pairs of related values in the proportion you 
have written, and verify. 

Using total pressure heights as abscissas, and volumes 
as ordinates, plot a curve showing the relation between 
them.* 

Problem. — The gases used for calcium light are now 
pumped into steel cylinders under high pressure. In ordi- 
nary language we may say that a large amount of gas is 
thus caused to occupy a small amount of space. Suppose 
one of these cylinders to have a volume of 4 cubic feet. 
If the gas which it contains is under a pressure of 225 
pounds per square inch, what will be the volume of the gas 
if it is allowed to escape into the atmosphere on a day 
when the barometer stands at 29 inches ? 

* Suggestion. — Take an arbitrary set of values of P and 7, assum- 
ing Boyle's Law to be rigorously correct for all pressures. Plot a 
curve with these values. Determine the character of this curve and 
look up its name, if you do not know it already. Compare this curve 
with the one drawn as directed above. See Hastings and Beach, 
p. 223. 
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EXERCISE 31 
Principle of Axchimedes 

Apparatus. — A beam balance. A solid metal cylinder. 
A beaker of suitable capacity. Distilled water. Micrometer 
or vernier calipers. 

Proposition. — It is required to prove that a body sub- 
merged in a fluid apparently loses in weight an amount 
equal to the weight of the fluid displaced ; or, differently 
expressed, that a body is buoyed up by a force equal in 
amount to the weight of the fluid displaced. The apparent 
loss in weight, or the buoyancy, TF, is given by the equation, 

W=W^-W2, 

where Wi is the weight of the body in air and W^ is its 
weight in the given fluid. 

Directions. — (1) Attach the cylinder by a thread or a 
fine wire to the left-hand arm of the balance and weigh it, 
first in air and then while submerged in water. Call the 
first weight Wi and the second one PTg. 

(2) Measure the length and diameter of the cylinder 
with either of the calipers. 

(3) Bepeat (1) and (2) several times. 
Calculations and Eesults.— Compute the volume of 

the cylinder. Then compute the weight of that volume 
of water. This is the weight of the water displaced by the 
cylinder. 

Substitute in the above equation and solve for W. 

Compare the two values of W, 

Queries. — Which value of W should be more nearly 
correct ? Why ? 

Problems. — An ocean liner's gross weight is 8,000 tons. 
What is the weight of the water she displaces ? What is 
meant by the " displacement " of a vessel ? A water-logged 
block of wood, 1 X 1 X 1 foot, sinks evenly in pure, fresh 
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water until the upper surface of the block is just on a level 
with the surface of the water. How much does the block 
weigh ? 

EXERCISE 32 
Specific Gravity of Solids Denser than, and Insoluble in, Water 

Apparatus. — A beam balance. Pieces of brass, iron, 
and lead. Distilled water. 

Directions. — (1) Weigh the brass, iron, and lead in air 
separately. 

(2) Weigh each in water, separately, suspended from the 
left-hand arm of the balance. 

(3) Repeat (1) and (2) several times. 
Calculations and Eesults. — When A is the weight 

in air and B is the weight in water, the specific gravity 
of a dense solid is given by the equation, 

Specific Gravity = . _ ^^ . 

Compute the specific gravity of each substance used. 

Compare your results with the values given in tables in 
the Appendix. 

Queries. — What is standard water? Is the specific 
gravity of the above substances, as determined by you, too 
high or too low? Give reasons for your answer. What 
principle is used in this exercise? To be strictly 'correct, 
should the substance be weighed in air? If not, in 
what should it be weighed ? What is the quantity A — B^ 
How could you find the specific gravity of a substance, 
soluble in water ^ by the above method ? 
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EXERCISE 33 

Specific Gravity of Solids Less Dense than, axid Insoluble 

in, Water 

Apparatus. — A beam balance. A sinker of conyenient 
size. Distilled water. Pieces of cork, wax, and other light 
substances. 

Directions. — (1) Weigh the cork in the left-hand pan 
of the balance, calling this weight ^, as in Exercise 32. 

(2) Remove the cork from the pan and attach the sinker 
to the left-hand arm of the balance by means of a thread 
or a fine wire. Weigh the sinker while it is submerged in 
water. Call this weight 8, 

(3) Now, attach the sinker to the cork, and weigh both 
while submerged in water. Call this weight Si. 

(4) Repeat (1), (2), and (3), using other light sub- 
stances. 

Calculations and Results. — From the three weights, 
A, S, and /Si, calculate the specific gravity of each substance. 

Deduce a formula for the determination of the specific 
gravity of light substances by the method used in this 
exercise. Explain the derivation of this formula. 



EXERCISE 34 

Specific Gravity of a Liquid by the Method of weighing a 

Solid in it* 

Apparatus. — A beam balance. A set of weights. At 
least two liquids of different specific gravity. 

Directions. — (1) Weigh some small object — e. g., a 
glass stopper, in air. Call this weight Tfj. 

* It will lend additional interest to the work to use the same liquids 
in this and in the three succeeding exercises. 
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(2) Weigh the same object in distilled water, suspended 
from the lefi-hand arm of a good balance. Gall this 
weight Wi. 

(3) Weigh the same object in the liquid whose specific 
gravity is to be determined, suspended as directed in (2). 
Call this weight W^. 

(4) Bepeat (1), (2), and (3) several times. 

(5) Bepeat (1), (2), and (3), using some other liquid 
whose specific gravity is unknown to you. 

Becord data in a neat form. 

Calculations and Besults. — In any determination of 
specific gravity two quantities are always involved : 

(1) The weight of a certain, but not necessarily known, 
volume of the substance whose specific gravity is sought. 

(2) The weight of an equal volume of standard water. 
From the three weights, FFi, TTg, and TTa, these two 

quantities can be determined. Determine these quantities, 
and then compute the specific gravity of each liquid fur- 
nished you. (Use mean values of W^ PTg, and Ws-) 

Deduce a formula for the computation of specific gravity 
by the method of this exercise. Give this formula in your 
report, and show how it was deduced. 



EXEBCISE 35 

Specific Gravity of a Liqidd by Means of a Specific-Gravity 

Bottle 

Apparatus. — A beam balance. Distilled water. A 
thermometer and a shallow vessel in which water is to be 
kept at a temperature slightly above that of the room. 

Directions.— (1) Clean and dry the bottle thoroughly. 
Weigh it with the cork lying beside it in the pan of the 
balance. 

(2) Fill the bottle with a liquid whose specific gravity 
is to be found. Fill it to the top of the neck ; then put the 
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ground stopper in place, slowly and with great care, inclin- 
ing the bottle slightly so as to allow air-bubbles to escape. 
Now, place the bottle in the shallow pan and 
let it remain there until the temperature of 
the liquid in the bottle has come to that of 
the water in the shallow pan. As soon as the 
temperatures have equalized, take the tem- 
perature of the water in the pan. Eemove 
the bottle from the pan and wipe the bottle 
perfectly dry. (Is there any need for haste 
in wiping the bottle preparatory to weigh- fw"^ 
ing it ?) Weigh the bottle with its contents. 

(3) Empty the bottle. If it has contained a liquid 
which is insoluble in water, the bottle must be thoroughly 
cleaned and dried. If, on the contrary, it has contained a 
liquid soluble in water it will be sufficient to rinse it well 
with distilled water. Fill the bottle with distilled water. 
Place it in the shallow pan and bring the temperature of 
the water in the bottle and in the pan to the temperature 
noted as directed in (2). Insert the cork as directed above. 
Dry the bottle and then weigh it. 

(4) Proceed as directed in (1), (2), and (3), using an- 
other liquid whose specific gravity is unknown to you. 

Record data in a tabular form. 

Calculations and Results. — Compute the specific 
gravity of each liquid. Compare results with the values 
given in tables in the Appendix. 

Queries.— What is the object of having the temper- 
ature of the liquid in the bottle the same in operations (2) 
and (3) ? What can you say of the accuracy of this method 
as compared with that of the preceding exercises on spe- 
cific gravity ? 
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EXEECISE 36 

Bfwciflc Gravity of Liquida by Hare's UetlLOd 

Apparatus. — A Hare's apparatus, consisting essen- 
tially of an inverted Y-tnbe, each lower arm of which 
dips into a small beaker. One 
beaker is to be filled with distilled 
water and the other with a liquid 
whose specific gravity is to he 
found. 

DiEEcTiONS. — (1) By suction re- 
move enough air trom the tubes to 
cause the distilled water column to 
stand about half-way to the top of 
the tube. Close the stop-oock and 
observe whether the columns remaiu 
stationary. If they do not, there is a 
leak somewhere which must be closed. 
Take and record the height of both 
columns, calling that of the distilled 
water column H, and that of the other 
column H,. 

(2) Eemove air from the tubes un- 
til the lighter liquid stands nearly at 
the top of the tube. Take and record 
the height of both columns. 

Caution. — Before removing either 
beaker, open the stop-cock. 

(3) Repeat (1) and (2). 

(4) Repeat (1), (2), and (3), using 
another licjuid wliose specific gravity 
is unknown to you, 

F,o. «. (5) Repeat (4). 
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CALCCLATiONa AND RESULTa, — By Hare's method, the 
Bpeoific gravity of a liquid is given by the eqnatiOQ, 

Specific Gravity = ^, 

where H is the height of the distilled water column and 
if, is the height of the other column. 

Substitute in the foregoing equation and solve for the 
specific gravity of each liquid used. 

Problem. — Draw a diagram to represent tlie apparatus 
used in this exercise. Letter it, showing the height of 
both columns. Aggume numerical values for these heights 
and prove that the above equation is correct. 

QtTEHY, — In your judgment, how does the accuracy of 
this method compare with that of the methods already em- 
ployed P Give reasons for your opinion. 



EXERCISE 37 
Bpaciflo Gravity of Liquids: B7 H«aiis of a Dencimeter 

Apparatus. — Two hydrometer jars. 
Two wooden densimeters, one for liquids 
heavier than water, the other for those 
lighter than water. 

Directions. 

Part A. — To find the ipedfio gravity 
of a liquid denser than water. 

(1) Fill a clean hydrometer jar with 
distilled water and place the proper den- 
simeter in it. Take the reading of the 
water displaced, looking underneath the 
surface of the water, as shown in Fig. 14. 
Call this reading D. ■ " f i^ 

(3) Remove the densimeter from the 
distilled water. Wipe it perfectly dry and introduce it 
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into a jar filled nearly full of liquid heavier than water. 
Take the reading as directed in (1), calling it Z>i. 

Pabt B. — To find the gpeoific gravity of a liquid leas 
denae than water. 

(1) Proceed as directed in (1) and (2) of A, using the' 
proper densimeter and a liquid lighter than water, calling 
the displacement in water i>, and that in the lighter liquid 
Z>i, as before. 

Becord data in a neat form. 

Calculations and Results. — The specific gravity of 
any liquid determined by the method used in this exer- 
cise is given by the equation, 

Specific Gravity = -rrt 

where D is the displacement of standard water and D^ is 
that of the given liquid. Compute the specific gravity of 
each liquid experimented with. Prove the correctness of the 
above equation. 

Query. — Could you graduate the stems of the densim- 
eters you have used so as to make them direct-reading — 
that is, to give specific gravities without computation? 

Note. — A direct-reading Beaume hydrometer is shown at h in Pig. 
44. Describe the usual method of graduating these hydrometers. See 
Deschanel's Physics, Part I, p. 113. 
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EXERCISE 38 
Boiling and Freezing Points on a Thermometer * 

Apparatus. — A centigrade thermometer graduated from 
— 10° to 100°. A vessel having a capacity of about a liter. 
A simple form of hypsometer, as 
shown in Fig. 45. (A very satis- 
factory and durable hypsometer 
can be made by the local tinner 
at small expense.) 

Propositions. — (1) The fixed 
points on a thermometer are based 
upon the freezing and boiling 
points of pure water under a pres- 
sure of one atmosphere. 

(2) The freezing and boiling 
points of any liquid depend upon 
the pressure to which the liquid is 
subjected. 

(3) Different liquids have dif- 
ferent freezing and boiling points 
under the same conditions. 

Directions. — (1) Pack fine 
ice chips around the thermometer 
up to the freezing-point. Leave 
the thermometer thus for several Fm. 45. 




* Deschanel, Heat, p. 4; Whiting, pp. 109, 140. 
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minutes. Then, by carefully watching the mercury col- 
umn, determine whether the column has become station- 
ary. When the mercury becomes stationary, such fact in- 
dicates that the freezing-point has been reached. Bead 
and record the temperature of the melting ice, estimating 
the fractional degree in tenths. Avoid the error of paral- 
lax in making this reading. 

(2) Place the thermometer in the hypsometer, after the 
latter has warmed to the temperature of the room. Be 
certain that the bulb of the thermometer is at least an inch 
above the water in the hypsometer. Then heat the water 
to the boiling-point. When the mercury has become sta- 
tionary, read and record the observed boiling-point. Re- 
cord the height of the barometer in centimeters. 

(3) Under the supervision of the instructor^ partially 
close up the tube or opening through which the steam 
escapes from the hypsometer.* What do you know about 
the pressure on the boiling water, compared with what it 
was a moment ago ? Observe the effect of this change of 
pressure on the boiling-point, recording the highest point 
reached. Open the vent and observe what happens. If 
it is thought desirable by the instructor, this part of the 
exercise may be extended as follows : Fill an 8-ounce flask 
about half full of water. Pass a thermometer through a 
two-hole rubber stopper and insert the stopper in the flask. 
Bring the water in the flask to the boiling-point. Quickly 
close the other hole in the stopper and invert the flask over 
a large basin. Pour cold water on the flask. The water will 
continue to boil for some time. What do you now know about 
the pressure on the boiling water compared with what it was 
in the first part of this operation? When the water has 
almost ceased to boil, observe the temperature, recording 
this as the lowest boiling-point reached in the experiment. 



* Great care must be exercised in doing this, or an explosion may 
result. 
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(4) Heat some water in the liter vessel to about 90° C. 
Turn out the Bunsenfiame, Then fill a test-tube half full 
of 90-per-cent alcohol. Place the test-tube in the warm 
water. Stir the alcohol with a thermometer and take its 
temperature at the instant it is on the point of ceasing 
to boil. Record this as the boiling-point of the alcohol 
furnished you. If other liquids having low boiling-points 
are at hand, determine their boiling-points in the same way. 

Record all data in a tabular form. 

Results. — It has been found that pressure affects the 
freezing-point but very little. On the contrary, change of 
pressure influences the boiling-point to a marked degree. 
Now, the effect of a change of pressure is such that we say 
the boiling-point varies with the pressure, but is not propor- 
tional to the pressure. When the pressure is increased by 
an amount equivalent to that of 26.8 mm. of mercury, the 
boiling-point is raised 1° C. Conversely, when the pressure 
is diminished by the same amount, the boiling-point is low- 
ered 1° C. 

The boiling-point of pure water under a pressure of 760 
mm. of mercury is 100° C. Compute the boiling-point of 
pure water under the normal atmospheric pressure for the 
locality of your laboratory. Compare this computed boil- 
ing-point with the boiling-point observed on your ther- 
mometer after the latter has been reduced to normal local 
pressure. 

Your report should clearly show how the operations of 
this exercise verify the above propositions. 

Queries. — When we say that the temperature of a cer- 
tain body is 30° C. or Fahr., what do we mean? When we 
say that the temperature of a body has been raised 30°, 
what does the number 30 represent ? The measurement of 
temperature by thermometers is based upon the assumption 
that the expansion of the thermometric substance is sensi- 
bly uniform : why is this assumption of vital importance in 
thermometry ? 
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EXERCISE 39 
Linear Expansion Coefficient for Brass and Iron 

Appaeatus. — A zinc or galvanized-iron tiibe fitted at 
both ends with water- and steam-tight corks, through which 
extends a brass or iron rod. One end of the rod rests 
against an arm which is usually attached to one of the 




Fig. 46. 



uprights which support the tube. The other upright car- 
ries a micrometer, which may be brought in contact with 
the other end of the rod. The tube is provided with inlet 
and outlet tubes, by means of which water or steam may 
be caused to pass through the main tube. A telegraph 
sounder, or a galvanoscope, and one or two voltaic cells 
are connected so as to be in circuit with the rod and the 
micrometer screw. The contact of the screw with the rod 
closes the circuit, which is indicated by the operation of 
the sounder or galvanoscope. 
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Preliminary Discussion.— Within comparatively small 
ranges of temperature, expansion is quite uniform. There- 
fore, a practical use of such coefficients can be made. 

The expansion coefficient of any substance is always 
a fraction. The linear-expansion coefficient is that frac- 
tion of the length of the body at a specified temperature — 
usually 0° C. — by which its length is increased or decreased 
when the temperature is changed 1° C. 

Suppose, for example, that the linear-expansion coeffi- 
cient of a certain substance is 0.000012. This statement 
means that if the temperature of the body is changed 1° C, 
the length of the body will be changed by 0.000012 of its 
length at 0° C. Suppose its length at 0° C. to be 12 feet, 
and its temperature to be increased 100° C, what will be 
the length of the body at 100° C. ? 

By definition the increase in length is equal to 

12 feet X 0.000012 X 100. 

Whence final length = 12.0144 feet. 

Directions.— (1) See that one end of the rod rests 
securely against the end-piece. Turn the micrometer screw 
back far enough to allow for the expansion of the rod. 
Connect the tube to a steam-generator of some sort, and 
allow the steam to pass through the tube for several min- 
utes. Eecord the height of the barometer. This is to be 
used to compute the higher temperature of the rod.* While 
the steam is still passing, turn the micrometer screw until 
it makes contact with the rod. Take the linear and circu- 
lar scale-readings of the micrometer screw with great care. 

(2) Disconnect the boiler from the tube. Again see 
that the rod, when cool, rests against the end-piece. Now 
cause ice-water to flow from an elevated vessel through the 
tube for several minutes. Then turn up the micrometer 
screw until it makes contact with the rod, and take both 
readings of the micrometer screw, as before. While this is 

* Compute it as directed in Exercise 38. 
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being done, let a fellow student take the temperature of 
the water both before and after entering the tube. Call 
the mean of these temperatures the lower, or zero, tempera- 
ture of the rod. 

(3) Measure the length of the rod while it is at, or near, 
0°C. 

Results. — (1) Expansion coefficients are usually repre- 
sented by the letter a. From the micrometer readings com- 
pute the total expansion of the rod. Then compute a, the 
expansion per unit of lengthy per degree centigrade. 

Compare your result with the value of this coefficient 
given in the Appendix. 

(2) From the definition of the linear-expansion coeffi- 
cient and from the solution of the problem given above, 
deduce an equation for computing a linear-expansion co- 
efficient. 

Substitute numerical values in the equation you have 
framed, and note that the performance of the indicated 
operation is practically identical with the calculation made 
as directed in (1). 

Problem. — Suppose a certain continuous steel tube to 
be 2,000 feet long at 0° C. What will be its length at 53° C. ? 



EXERCISE 40 
ExiMuision Coefficient of a Liquid 

Apparatus. — Two glass tubes arranged as shown in 
Fig. 47. The outer one should be about 110 cm. long. 
The inner tube should be large enough to allow the microm- 
eter screw to turn freely within it. A thermometer. A 
steam-generator. 

Preliminary Discussion. — The expansion coefficient 
of a liquid is a volume coefficient. It is that fraction of the 
volume at a selected temperature by which the volume is 
increased or decreased when the temperature of the liquid 
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is changed 1° C. Fov example, suppoee that a certain 
liquid has a volume of 50 cc. at 0° C, and that ita mean 
expansion coefficient between 0° and 100° 0. 
is 0.0005. What will be the volume of the liquid 
at 20" C. ? 

By definition, the increase in volnme will be 
5 cc. X 0.0005 X 20. 

Whence, final volume = 50,5 cc. 

In compnting a volume coefficient, the origi- 
nal and final volumes, as well as the change of 
temperature, must be known. The volume of 
a cylinder is proportional to its length. Hence, 
the original volume may be represented by the 
length, since the body of liquid under consider- 
ation is cylindrical. For the same reason, the 
increase of volume may be represented by the 
increase in length. 

Directions.— (1) Nearly fill the inner tube 
with a liquid whose expansion coefficient is to 
be found. (Fill the tube to a point about 13 
cm. below the lower end of the screw when it 
is at its highest position.) Connect the outer 
tube to an elevated vessel, and pass ice - water 
through the outer tube several minutes. At the end of 
this time, and while the ice-water is still flowing through 
the tube, take the reading of the micrometer screw. Be- 
fore taking these readings, be certain that the lower end 
of the screw jnst touches the surface of the liquid. Take 
the temperature of the water both before and after it 
passes through the tube. Measure the length of the liquid 
column in the inner tube. 

(2) Arrange the apparatus to pass steam through the 
outer tube. Pass steam through the tube for about 10 
minutes. Take the micrometer readings ae directed in (1). 
Bead and record the height of the barometer. 

(3) Repeat (1) and (2). 
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Calculations and Results. — From the barometer 
^ reading compute the temperature of steam for the day. 
From the micrometer readings compute the total expan- 
sion for each trial. Then compute a, the expansion per 
unit of volume, per degree centigrade. Compare your 
result with the value of this coefficient given in the Ap- 
pendix. 

From the definition of a volume coefficient and from 
the solution of the problem given above, deduce an equa- 
tion for computing a volume-expansion coefficient. 

Substitute numerical values in the equation you have 
framed, and make the observation noted in the latter part 
of (2) of calculations in the preceding exercise. 



EXERCISE 41 

Ezpansion Coefficient of Voliune of Gases under Ck>n8tant 

Pressure 

Apparatus. — A glass tube, about 45 or 50 cm. long 
and of 1 mm. bore, sealed at one end, and bent at right 
angles about 10 cm. from the open end. A glass tube of 
suitable length and diameter, closed with two-hole rubber 
corks. A vessel of such length that the glass tube may be 
placed in it in a horizontal position. Near the bend are 
placed two movable markers, a and 5. 




Fig. 48. 

Preliminary Discussion. — When the temperature of 
a gas is raised 1° C, the volume of the gas is increased by 
about 0.00367 of its volume at 0° C. In other words, the 
expansion coefficient of volume of gases is this fraction. 
The purpose of this exercise is twofold : 
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(1) To prove, approximately, that the expansion coeffi- 
cient of volume of gases under constant pressure is 0.00367. 

(2) To prove the Law of Charles, 

V ^ r 

where Fand 2' are one volume and absolute temperature, 
respectively, of a certain body of gas, and V^ and 2\ are 
another volume and absolute temperature, respectively, of 
the same body of gas — the pressure remaining the same 
throughout the change of volume and temperature. 

Directions. — (1) Introduce a short filament of mer- 
cury into the bent tube. To do this, warm the tube to 
expel some of the air, and then, before the air in the tube 
has had time to cool, insert the open end into a vessel of 
mercury. On removing the tube at the proper moment, a 
filament of the proper length, about 5 mm., will be drawn 
into the tube. If this filament does not come to rest about 
10 cm. beyond the marker, in the lower arm of the tube, 
this operation must be repeated until it does so. 

(2) Place the tube in a horizontal position in a bath of 
ice-water. Locate a marker so that its inner edge shall 
coincide with the inner end of the mercury filament when 
the latter has come to rest.* Take the temperature of 
the ice-water. 

(3) ISTow, without disturbing the marker just located, 
arrange the apparatus as shown in the figure. Make the 
proper connections and pass steam through the larger tube 
for several minutes. When you are sure that the air is 
heated to the temperature of the steam, adjust the other, or 
l marker, as directed in (2), to indicate the position which 
the inner end of the filament takes under the action of the 
expanding air. Eead and record the height of the barom- 
eter for the day and hour. 



* By the inner marker or the inner end of the mercury filament is 
meant the marker or end nearer the closed end of the bent tube. 
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(4) Remove the tube carefully and place it on the scale 
of the meter-stick. Determine the distance between the 
inner edges of the markers. This length will represent the 
increase of volume. Also, measure the distance from the 
closed end of the tube to the inner edge of the marker a. 
(Make an allowance for the curvature of the tube.) This 
length will represent the original volume of the gas. 

(5) Repeat (1), (2), (3), and (4). 

Calculations and Results. — From the reading of 
the barometer, compute the temperature of steam for the 
day. Knowing the original and final volumes of the gas, 
and the change in temperature, compute the coefficient of 
expansion. Compare your result with the value of this co- 
efficient given in the Appendix. 

Deduce an equation for computing an expansion coeffi- 
cient of volume of gases under constant pressure. 

From the temperatures observed as directed in (2) and 
(3), compute the corresponding absolute temperatures, T 
and Tiy of the equation given in the preliminary discus- 
sion. Substitute numerical values in this equation, and 
verify. 

EXERCISE 42 

Expansion Coef&cient of Pressure in Gases at Ck>n8tant 

Volume 

Apparatus! — A simple form of Regnault's apparatus, 
consisting essentially of a flask suspended within a closed 
vessel and connected to a U-tube of glass. The U-tube 
should be partially filled with mercury. The flask should 
contain dry air, introduced by the instructor, or an advanced 
student, prior to the beginning of the experiment. The 
U-tube should be mounted on a millimeter scale. 

Preliminary Discussion. — In Exercise 41 the atten- 
tion of the student was directed to the fact that the volume 
coefficient of expansion of gases is 0.00367. But if the gas 
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is heated while Us volume is kept constant, it is evident 
th&t the preBBure of the gaB must iacreaBe. The purpoee 
of this exercise, therefore, Ib 
threefold : 

(1) To determine, ap- 
proximately, the coefficient 
of increase of pressure in 
gases at constant volume. 

(3) To Bhow that the co- 
eflBcients of volume and pres- 
sure are practically the same, 
namerically. 

(3) To prove that 



P 



Fio, 49. 



' Pi~ Ti' 

where P and Tare one pressure and absolute temperature, 
respectively, of a given body of gas, and P, and T, are an- 
other pressure and absolute temperature, respectively, of 
the same body of gas, the volume remaining the same 
throughout the change of pressure and temperature. 

Directions. — (1) Pass ice-water through the vessel for 
several minutes. In performing this operation the zero 
point on the thermometer should be slightly above the lid 
of the vessel. When the temperature of the air in the 
flask has become stationary, read the height of the mercury 
column nearer the closed vessel. This point viust be care- 
fully noted. See (2). Then read the height of the outer 
mercury column. The difference between the heights of 
the columns will give the mercury pressure acting upon 
the air confined in the flask. This pressure, plus that of 
the atmosphere, will be the total pressure acting upon the 
confined air. To get the atmospheric portion of the total 
pressure, read the barometer. Take the temperature of 
■ the ice-water as directed in (2) of Exercise 39. 

(3) Now, pass steam through the closed vessel until 
the temperature of the air in the flask becomes stationary. 
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As soon as the temperature of the air begins to rise, the 
mercury in the outer tube will also rise. Pour some mer- 
cury into the outer tube from time to time. If the appa- 
ratus is not watched closely the expanding air will drive 
all the mercury out of the outer tube. Endeavor to keep 
the level of the inner column at the height observed when 
ice-water was passing. As soon as the temperature becomes 
stationary, adjust the height of the outer column until the 
level of the inner column is precisely what it was when the 
ice-water was passing. If this operation is carefully per- 
formed, the condition of a constant volume will be nearly 
fulfilled. Read and record the height of both mercury col- 
umns with great care. Bead the barometer. 

(3) Kepeat (1) and (2) if there is time. 

Eecord data in tabular form. 

Calculations and Results. — From the reading of the 
barometer compute the temperature of steam for the day. 
Compute the total pressure acting upon the confined gas 
when the ice-water was passing. Express this pressure in 
centimeters of mercury. Call it Pq- Compute the total 
pressure acting upon the gas when the steam was passing. 
Express this pressure also in centimeters and call it Pi. 
Then the coefficient of increase of pressure may be com- 
puted by means of the equation, 

Pot ' 

where a is the coefficient of pressure and t is the change of 
temperature. Compare this result with the accepted value 
of the coefficient of pressure and with the coefficient of in- 
crease of volume. 

From the temperature of the ice-water and of steam 
compute the corresponding absolute temperatures. Sub- 
stitute numerical values in the equation given in the pre- 
liminary discussion, and verify. 
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EXEECISE 43 
tfelting-Point of Parafan 

Apparatus. — A short piece of glass tubing, of about 1 
mm. bore, closed at one end and partially filled with par- 
affin. A thermometer. A 6-ounce beaker. 

Directions. — (1) Place the tube containing the par- 
affin in a beaker nearly full of water. Hold the thermom- 
eter close to the tube. Neither should be allowed to touch 
the beaker. If it is thought desirable, the thermometer 
may be tied to the tube containing the paraffin, and both 
suspended according to the direction just given. 

(2) Slowly heat the water. Watch the paraffin, and 
when the beginning of melting is indicated by the paraffin 
becoming partially translucent, immediately take the read- 
ing of the thermometer. 

(^) After the paraffin has completely melted, allow the 
water to cool. A few small ice chips dropped into the 
beaker will expedite the cooling. Watch for the first indi- 
cation of opacity in the cooling paraffin. When this is ob- 
served, immediately take the reading of the thermometer. 

(4) Repeat (1), (2), and (3) until fairly concordant re- 
sults are obtained. 

Results. — Compare the melting-point of paraffin as de- 
termined by you with the value given in the Appendix. 
Quite a discrepancy is likely to exist between the two 
values. The student should not be discouraged by this, for 
the reason that the melting-points of such substances as 
paraffin are really difficult to determine with any consid- 
erable degree of accuracy. Furthermore, different speci- 
mens of such substances as the waxes and the heavy fats 
may have rather widely different melting-points. 
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EXERCISE 44 

« 

Calorimetry : Method of Hixtures 

Apparatus. — A simple form of calorimeter consisting 
of two vessels of such size that one may be placed within 
the other so as to leave an air space of about 5 cm. between 
them on all sides. A wooden or cork lid should be fitted 

to the outer vessel so as to rest on 
the inner one. A thermometer may 
be introduced into the calorimeter 
through a hole in the lid. An extra 
pail. A Bunsen burner. 

Preliminaby Discussion. — Quan- 
titative measurements of heat are usu- 
ally made by the method of mixtures. 
This method is the basis of the work 
in heat which follows. It is the pur- 
pose of this exercise to determine the 
temperaturCv of a mixture of unequal 
quantities of water which were at 
different temperatures before mixing. 
Directions.— (1) See that the 
calorimeter is perfectly dry. Weigh 
it with the lid and the thermometer 
in place. Call this weight W^.^ Put 
about 500 cc. of cold water in the 
calorimeter and weigh. Subtract the 
weight of the calorimeter and ther- 
mometer from the total weight. Eecord the weight of the 
remainder as the weight of the cold water, W,^. 

(2) Now heat about 700 cc. of water to about 40® C. 
Take the temperature, T^, of the cold water. Take the 
temperature, 7"^^, of the hot water, and immediately pour 
the hot water into the calorimeter. 




Fig. 50. 
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(3) Stir the mixture with the thermometer, and, as soon 
as the mercury becomes stationary, take the temperature, 
T^^ of the mixture. Then weigh the calorimeter with its 
contents to determine the weight, Tr*., of the hot water. 

Becord data in a tabular farm. 

THEORY OP THE METHOD OP MIXTURES 

It is evident that the calories.which the hot water lost 
by mixing with the cold water must have been gained'bj 
the cold water. But if we assume that the calories lost by 
the hot water equal the calories gained by the cold water, 
we will thereby introduce a considerable error, for the rea- 
son that the calorimeter and the thermometer must also 
have their temperature raised to that of the mixture. The 
heat thus consumed will subtract from the total heat which 
otherwise would be available for raising the temperature of 
the cold water (neglecting the small amount lost by con- 
duction and radiation). Now, the number of calories 
necessary to raise the temperature of the calorimeter to 
that of the mixture is equal to the weight of the calorim- 
eter, multiplied by the rise of temperature, multiplied by 
the specific heat of the calorimeter.* Hence, the equation 
for the method of mixtures may be written thus : 

Calories lost by 1 _ J Calories gained by cold water, plus 
hot water J [ calories gained by calorimeter. 

Using letter values, this equation becomes, 

W^( i.. - T.) (8p. H.) - I ^^^ y,_ _ y,^^ ^^^ jj.^^ 

where Sp, H^ is the specific heat of water, and Sp. H^ is 
the specific heat of the substance of which the calorimeter 
is made. 

Calculations. — Substitute in the equation and solve 
for T^, 

* To be more exact, the heat consumed by the thermometer should 
be added to this amount. 
8 
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EXEECISE 45 
Calorimetiy : Specific Heat of Iron 

Apparatus. — Same as that of the preceding exercise. 
A piece of iron whose specific heat is to be determined. 

Preliminary Definition. — Numerically^ the specific 
heat of any substance is the number of calories necessary 
to raise the temperature of 1 gram (or 1 kg.) of the sub- 
stance 1° C. 

Directions. — (1) Weigh the piece of iron. Eecord its 
weight, TF,. Suspend it in water at the boiling-point. 
Allow the iron to remain in the boiling water until it has 
acquired the temperature of the water. Take and record 
the temperature of the boiling water, assuming it to be the 
temperature of the iron, T^. 

(2) Diy the calorimeter. Weigh it. Record its weight, 
W^. Put enough cold water into the calorimeter to com- 
pletely cover the iron after it has been transferred to the 
calorimeter. 

(3) Now weigh the calorimeter with the cold water in 
it. Subtract the weight of the calorimeter from the total 
weight, and record the remainder as the weight of the cold 
water, W^^, Take and record the temperature of the cold 
water, T^, 

(4) Transfer the iron quickly to the calorimeter. Stir 
the water in the calorimeter with the thermometer. As 
soon as the mercury has become stationary, take and re- 
cord the temperature of the mixture, T^, (Why call this 
the temperature of the mixture ?) 

Eecord data in a tabular form. 

Calculations and Results. — Frame an equation, 
based upon the method of mixtures as developed in Exer- 
cise 44, for computing specific heats. 

Substitute numerical values in this equation and solve 
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for the specific heat of iron. Compare your result with 
the value given in the Appendix. 

Queries. — As applied to every-day life, what is the 
meaning of specific heat ? Suppose you were required to 
find the temperature of a piece of red-hot iron. Could you 
do so by the method used in this exercise ? Explain how. 



EXERCISE 46 
Galorimetry : Heat of Fusion of Ice 



# 



Apparatus. — Same as that for Exercise 44. 

Preliminary Discussiois^. — The expression, the heat of 
fusion of ice, refers to a numerical qtiantity. This quantity 
is the number of calories necessary to melt 1 gram, or 1 
kilogram, of ice at 0° C. without raising its temperature. 

Directions. — (1) Dry the calorimeter. Determine its 
weight, ITe- P^t about 1 kg. of water at 60°, or there- 
abouts, into the calorimeter. Determine the weight of the 
water, W, 

(2) Break up about 250 grams of ice into small pieces. 
Dry them. Take the temperature of the water, T^ and im- 
mediately drop the ice-chips into the calorimeter. Just 
as the last bits of ice are on the point of melting, stir the 
mixture thoroughly, and as soon as the mercury becomes 
stationary, take the temperature of the mixture, T^. 

(3) Weigh the calorimeter with its contents. Compute 
the weight of the ice, TT^. 

(4) Eepeat (1), (2), and (3). 
Record data in a tabular form. 

Calculations and Results. — Evidently the ice was 
melted, and the ice-water at 0° C. resulting therefrom was 
raised to the temperature of the mixture. The heat neces- 
sary to do both was furnished by the water and the calorim- 
eter. That is. 
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Calories gained by ice + 
calories gained by ice- 
water 



' Calories lost by water + 
calories lost by calorim- 
eter. 



Rewrite the foregoing equation, using the letter values 
given in the directions. Then substitute numerical values 
in the equation, and solve for the heat of fusion of ice. 
Compare your result with the accepted value. 



m 



EXERCISE 47 
Oalorimetry : Heat of Vaporization of Water 

Apparatus. — A calorimeter. A steam-generator whose 
delivery-tube passes through a water-trap. (The delivery- 
tube should end well toward the bottom of the calorimeter.) 
Directions. — (1) Fill the steam-generator two-thirds 
full of water and bring the water to the boiling-point. Dry 
the calorimeter. Determine its weight, W^y including that 

of the lid and the thermome- 
ter. Fill the calorimeter to 
a depth of 10 cm. with cold 
water. Determine the weight, 
We^ of the cold water. Take 
its temperature, T„^ and im- 
mediately introduce the de- 
livery-tube into the calorime- 
ter. 

(2) As soon as the steam has raised the temperature of 
the cold water not more than 20° C. above that of the room, 
remove the delivery-tube from the calorimeter. Before the 
delivery-tube is removed the water should be stirred with 
the thermometer, and at the instant the tube is removed 
the temperature of the mixture, T^, should be taken. 

(3) Weigh the calorimeter with its contents. Take the 
temperature of the steam, T„ for the day. 

Record data in a neat form. 




Fig. 51. 



HEAT 107 

Calculations. — The theory of this determination is 
similar to that employed in all the work in calorimetry 
thus far. That is, 

Calories lost by steam + 1 Calories gained by cold 

calories lost by steam- - = water + calories gained 
water J I by calorimeter. 

Compute the weight of the steam which was condensed 
in the calorimeter. 

Rewrite the above equation, using letter values. 

Substitute numerical values in the rewritten equation, 
and solve for the heat of vaporization of water. Compare 
your result with the accepted value. 

Queries. — When we say that the heat of vaporization 
of water is 536 calories, what do we mean ? Do different 
liquids have different heats of vaporization ? Do you know 
of any good reasons why they should have ? 



CHAPTER VI 
MAGNETISM AND ELECTRICITY 



EXERCISE 48 
Permanent Magnets and Electromagnets* 

Apparatus.— Three halves of fine knitting-needles. A 
bar magnet. A piece of very soft iron. A steel rod. Fine 
thread. Some magnet wire, No. 24, B. & S. gauge. A bat- 
tery of several bichromate cells. Some well-annealed wire. 
Pieces of zinc, copper, glass, wood, and vulcanite. 

Preliminary Statement. — On account of the variety 
of ideas to be presented in this exercise, it may be well to 
treat them under the following heads : 

(A) Magnetic and non-magnetic substances. 

(B) Magnetization by the method of contact. 
(0) Magnetization by an electromagnet. 

(D) Magnetization by induction. 

(E) Law of magnets. 

(F) Effect of breaking a magnet. 
Directions. 

Part A. — (1) Determine the character of each sub- 
stance furnished you, as to whether it is magnetic or non- 
magnetic. 

Part B. — (1) Magnetize a needle by drawing one end 
of a bar magnet over the needle twenty times in one and 

* The student will find much of interest relating to magnets in 
Stewart and Gee, vol. ii. pp. 20-23, and in Hopkins's Experimental 
Science. 
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the same direction. Determine the polarity of both ends 
of the needle by suspending it. (In this country the north- 
seeking pole is called the north pole.) Mark the end of the 
needle at which the magnet leaves it. Note the polarity of 
the end of the bar magnet which was in contact with the 
needle. Be able to identify this needle later on. Call it No. 
1. Mark the north pole of this needle by a scratch made 
with a file. 

(2) Draw the north pole of a bar magnet over another 
needle (call it No. 2), from the middle to one end, ten 
times. Draw the south pole of the same bar magnet over 
the needle, from the middle to the other end, ten times. 
Mark the north pole of this needle. 

(3) Determine which needle, if either, is the more 
strongly magnetized by causing each, in turn, to lift as 
many fine brads, end to end, as it will. 

Pakt C. — (1) Introduce a steel rod into a helix of suit- 
able proportions. The helix may be laid on its side on the 
table and then the rod will rest inside the helix without 
other support. Before currents are passed through the 
helix, the rod should be at the middle of the helix. 

Connect the helix to a battery of several bichromate 
cells and close the circuit. 

(2) Now move the helix to one end of the bar and then 
to the other end, and finally back to the center. Open the 
circuit and remove the bar. 

(3) Test the magnetic strength of the bar as directed 
in (3) of Part B. 

(4) Repeat (1), (2), and (3) several times with the ob- 
ject of determining whether the first treatment magnetized 
the bar to the point of saturation. 

(5) Repeat (1), (2), (3), and (4), using a rod of very soft 
iron. 

Pabt D. — (1) Suspend, by means of a strip of paper, in 
a north and south direction, a needle which has not been 
magnetized. Suspend needle No. 1 by a thread from a 
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support of some sort. When needle No. 1 comes to rest, 
one pole should be about 2 cm. from one end of the un- 
magnetized needle.* Now, present a bar magnet to the 
end of the unmagnetized needle opposite to the end which 
is presented to needle No. 1. (Do not allow the bar mag- 
net to move or touch the unmagnetized needle.) Observe 
what happens. 

(2) Interpose screens of glass, wood, zinc, copper, vul- 
canite, and sheet iron between the bar magnet and the 
unmagnetized needle. Note what happens in each case. 

Part E. — (1) Present the south-seeking pole of needle 
No. 2 to the north-seeking pole of needle No. 1 while it is 
still suspended. Present the north-seeking pole of needle 
No. 2 to the north-seeking pole of needle No. 1. Note 
what happens. 

Part F. — (1) Break needle No. 1 into two equal parts. 
Suspend each half. Determine and mark polarity of both 
ends of each half. Break each half into two equal parts. 
Suspend each piece. Determine and mark the polarity of 
both ends of each. Arrange the pieces in their original 
order and observe the arrangement of the poles. 

CoNCLUSioisrs. — The student should deduce one or more 
general principles from each principal division of the ex- 
ercise and give a summary of these principles in his report. 



EXERCISE 49 
Lines of Magnetic Force 

Apparatus. — Two bar magnets. A horseshoe magnet. 
A quantity of fine, soft iron-filings. A piece of window- 
glass 20 X 25 cm. 

Preliminary Discussiox. — A line of magnetic force 
can be defined only in a provisional way. In Exercise 48 

*The two needles should lie as nearly as possible in the same 
straight line. 
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the student found that exceedingly small bodies may have 
a distinct polarity, and that these magnetized bodies tend 
to line up in a certain manner. Furthermore, when iron- 
filings are seen to line up in a systematic manner around the 
poles of a magnet, the conclusion is inevitable that the lines 
described by the rows of filings delineate a system of force 
lines in which the magnet acts on the filings. If magnetism 
may be defined to be a condition in and around the iron 
due to ether whirls within and around the molecules, then 
a line of magnetic force may be defined to be the axis of an 
ether whirl. 

This exercise is intended to direct the student's atten- 
tion to the following points : 

(1) The system of distribution of force lines around 
magnets of different form. 

(2) Force lines tend to form closed loops. 

(3) Force lines from the same pole, or from like poles, 
repel each other. 

(4) Force lines pass from the north pole of one magnet 
to the south pole of another magnet, or from the north 
pole of a magnet to the south pole of the same magnet. 

Directions. — (1) Place the piece of window-glass on 
the bar magnet. Sprinkle iron-filings over the glass. Tap 
the glass with a pencil to facilitate the formation of the 
filings into lines. Study the system of lines thus produced, 
with the above-mentioned points in mind. 

(2) Eepeat (1), using the bar magnets, first with like 
poles facing each other at a short distance apart, and then 
with unlike poles facing each other at the same distance 
apart. 

(3) Eepeat (1), using a horseshoe magnet. 

Conclusions. — Incorporate in your report a compre- 
hensive summary of your observations touching each point 
alluded to above. Represent each different system of force- 
lines by a diagram. Draw this diagram in your note-book, 
or make a blue-print of the filings and paste the blue-print 
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in your note-book. If you do not know how to make these 
prints, ask your instructor for directions. 



EXERCISE 50 

The Simple Voltaic Cell, and Fundamental Idtos concerning 
the Magnetic Needle used as a Qalvanoscope 

Apparatus. — A small compass of good quality. A 
small beaker, or a tumbler, partly .filled with dilute sul- 
phuric acid. Strips of amalgamated and unamalgamated 
zinc. Strips of copper. A circuit key. 

Directions. — (1) Place an unamalgamated zinc strip in 
the beaker. Observe what occurs. Place an amalgamated 
zinc strip in the beaker. Again observe what occurs. Also 
place the copper strip in the beaker. Compare the action 
of the acid on the different strips. 

(2) Now place the copper and the unamalgamated strip 
of zinc in the beaker, and then the copper and the amalga- 
mated zinc strips. In using each pair make observations in 
each of the following cases : 

{a) When they are not connected. 

{b) When they touch within the liquid. 

{c) When the outer ends are connected by a wire. 

(3) Using copper and amalgamated zinc, perform the 
following operations : 

Connect the copper and the amalgamated zinc to a coil 
of magnet wire, consisting of ten turns, wound around a 
compass.* Place the compass so that the turns shall have 
a north and south direction. Close the circuit and observe 
what happens. (What is the technical name of the phe- 
nomenon observed ?) Find the direction of the current in 
the external circuit by Ampere's Eule. f Notice whether 
your conclusion accords with the assumption that the cur- 

* Introduce the circuit-key in one line. f See text-book. 
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rent leaves a voltaic cell at the copper terminal. Exchange 
the wire connections at the terminals of the cell, and again 
find the direction of the current by Ampere's Rule. 

Wind a coil of thirty turns around the compass. Con- 
nect the terminals of the coil to a voltaic cell. Compare 
the deflection with that produced when ten turns were 
used. 

Conclusions. — Incorporate in your report a compre- 
hensive summary of your conclusions touching the princi- 
pal points of the exercise. 





EXERCISE 61 
Law of the Tangent Gkdvanometer 

Apparatus. — A tangent galvanometer. A commuta- 
tor.* A resistance box. Several Daniell cells whose re- 
sistance is known. 

Preliminaby Discussion. — In Exercise 60 attention 
was directed to the fact that 
the angle of deflection of a 
magnetic needle depends upon 
the number of turns compos- 
ing the coil which acts upon 
the needle. 

We are now prepared to ex- 
amine another relation — that 
which the angle of deflection, 
or some function of it, sus- 
tains to the current strength 
that produces the deflection. 

At first thought, the stu- 
dent may be inclined to say 
that the current strength in a Fig. 52. 



T 



f. 





* A very simple commutator is shown in Fig. 52. The holes a, b, 
and c should be nearly filled with mercury. 
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given case is proportional to the angle of deflection which 
it produces. But this is not true. Briefly stated, the tan- 
gent galvanometer is an instrument so constructed that 
a given current strength is proportional to the tangent of 
the angle of deflection. 

In using this instrument, the following points should 
be observed : 

(1) The instrument should be level, and the plane of the 
coil should coincide with the magnetic meridian.* 

(2) When the pointer is at rest its ends should be at, or 
very near, zero. 

(3) No iron should be near the galvanometer. f 

(4) Avoid parallax in taking readings of the needle. 

(5) The wires which connect the galvanometer with 
other instruments should be twisted together for some dis- 
tance from the former. 

(6) On account of the fact that the needle may not be 
straight, or the needle may not come to rest at zero, or 
the plane of the coil may not coincide with the magnetic 
meridian, it is necessary in every case to take four read- 
ings of the needle: one for each end of the needle with 
the current flowing in one direction through the coil, 
and one for each end of the needle with the direction 
of the current reversed. The mean of these readings 
will give a value more nearly correct than any one of the 
four. 

DiEECTiONS. — (1) See that the galvanometer is in ad- 
justment, as just described. Connect the instruments in 
series^ as shown in Pig, 53. 

(2) Adjust the resistance box until a resistance is ob- 
tained which will produce a deflection of about 60°. Take 

* What is the angle made by the intersection of the magnetic and 
geographic meridians at your laboratory ? What is the name of this 
angle f 

f Iron on the person of the experimenter often disturbs the needle. 
Special hints on this point should be given by the instructor. 
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Fig. 63. 



the four readings of the galvanometer needle as directed in 
the preliminary discussion.* 

(3) Adjust the 
resistance box until 
the total resistance 
of the circuit (this 
includes the resist- 
ance offered by the 
box, the galvanome- 
ter, the connecting 
wires, and the bat- 
tery itself) is just 
double what it was 

before. Record the total resistance used in (2) and in (3). 
Take the readings of the galvanometer, as before, f 

(4) Repeat (2) and (3) several times. 
(6) Record the E. M. F. of the battery. 
Calculations and Results. — Compute the mean 

angle of deflection for each case. Get the tangents of 
these angles from a table of tangents to be found in the 
Appendix. 

By Ohm's Law we know that, if the resistance is doubled 
while the E. M. F. remains constant, the current strength 
will be halved. Since the resistance used in (3) was just 
double what it was in (2), the current strength in the latter 
case must have been just half what it was in the former 
case. Express this reasoning in the form of a proportion. 
Substitute the ratio, 2 ; 1, and the corresponding tangents, 
in the proportion you have framed, and verify. 

Knowing the E. M. F. of the battery and the resistance 



* If the galvanometer has more than one coil, find by trial which 
one, with a total external resistance comparable to the resistance of the 
battery, will produce the required deflection. 

fSuch coils should be used in this operation as to produce, in con- 
junction with the external resistance employed, a deflection which is 
not below 40°. See Stewart and Gee, vol. ii, p. 230. 
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in each case, we may compute the actual currents and use 
these computed values instead of the ratio of the currents. 
Compute the current for each case hy Ohm's Law. The 
tangents of the angles of deflection produced by these cur- 
rents have already been taken from a table of tangents. 
State the law of the tangent galvanometer in the form of a 
proportion. Substitute numerical values in this propor- 
tion, and verify. 

EXERCISE 62 
Reduction Factor of a Tangent Qalvanometer by Ohm's Law 

Apparatus. — A tangent galvanometer. A commutator. 
A resistance box. Several Daniell cells freshly made up 
by formula to have a certain £. M. F. 

Pbeliminary Discussion. — As has been stated, the 
tangent galvanometer is an instrument so constructed that 
the current strength is proportional to the tangent of the 
angle of deflection. That is, 

C : Ci :: tan A : tan B. 

In order to use this proportion to compute an unknown 
current strength, three of the quantities must be known. 
But, as will soon appear, two of these quantities may be 
determined once for all, provided neither the instrument 
nor its adjustment is changed in any way. In making 
this determination it will be convenient to take a current 
strength that will produce a deflection of 45**, for the rea- 
son that the tangent of 45° is 1. 

Let the reduction factor, l\ be the number of amperes 
required to produce a deflection of 45°. Substituting k 
for Ci, and 1 for tan B in the above proportion, we have, 

C : I* :: tan A : 1. 
Or, r=Xtan J. 

Whence, if the tangent of the angle of deflection be 
multiplied by the reduction factor of the instrument used, 
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the product will be the current strength. So, if the reduc- 
tion factor of a galvanometer is known, it is a fairly con- 
venient instrument for measuring the strength of electric 
currents. 

DiRECTiOKS. — (1) See that the galvanometer is in ad- 
justment as described in the preceding exercise. Connect 
the galvanometer, resistance box, commutator, and battery 
in series. 

(2) Using the galvanometer coil of lowest resistance, 
adjust the resistance box until the deflection of the galva- 
nometer needle is between 40° and 50° — the nearer it is to 
45° the better. Take four readings of the needle as di- 
rected in Exercise 51. Becord the E. M. F. and resistance 
of the battery and the external resistance, that of the gal- 
vanometer and the resistance box combined. 

(3) Proceed as directed in (2), using each coil of the 
galvanometer in turn. 

Record data in the following form : 



Galvanometer No. 



OoiL No. 


Besistance 
of coil. 


Resistance 
of cells used. 


E. M. F. of 
cells used. 


Resistance 
of box. 


Needle 
readings. 


1 








(1) 

(3) 

(3) 

(4) 

Mean 










— - 


2 








(1) 

(2) 

(3) 

(4) 

Mean 












Etc. 


Etc. 


Etc. 


Etc. 


Etc. 


Etc. 



Calculations and Eesults. — Knowing the total re- 
sistance and the E. M. F. for the case of each coil, compute 
the current strength by Ohm's Law. This will give you C 
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of the equation, C= k tan A. Then compute k for each 
coil. (It can be hardly insisted on too much that each coil 
has its own reduction factor, and that in the future use of 
the instrument to measure currents the student must be 
sure to note which coil is used.) 



EXERCISE 53 

Reduction Factor of a Tangrent Galvanometer by Means of a 

Copper Voltameter 

Apparatus. — The same as that for Exercise 62, with 
the addition of a sensitive balance, a copper voltameter, 
and a solution of copper sulphate of density 1.17. 

Preliminaby Statement. — When the passage of an 
electric current of unvarying strength through a standard 

solution ol copper sul- 
phate causes a deposit of 
0.000328 gram of copper 
to appear on the cathode 
of an electrolytic cell 
per second, the current 
strength is said to be 1 
ampere. Let it be re- 
quired to determine the 
reduction factor of a tan- 
gent galvanometer from 
the weight of copper de- 
posited during a given 
time. 

Directions. — (1) See 
that the galvanometer is in proper adjustment. Connect 
the apparatus as directed in the preceding exercise. Before 
beginning the exercise allow the current to flow through 
a moderate resistance to get the battery into good working 
order. {Do not introduce the voltameter into the circuit yet.) 




Fig. 54. 
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(2) Clean the anode and cathode. To do this, first sand- 
paper them, then wash them in the different cleansing so- 
lutions used in copperplating.* Dry the plates in a cur- 
rent of warm air. At no time should the fingers touch the 
cathode. Now weigh the cathode on a sensitive balance, 
recording this weight. Place the plates in the voltame- 
ter cell, and introduce the voltameter into the circuit. f 
Close the circuit, and quickly adjust the resistance box, so 
that the deflection of the galvanometer needle shall be in 
the neighborhood of 45°. Note the exact time, to the sec- 
ond^ at which the switch or key is closed. 

(3) At intervals of five minutes take four readings of 
the needle. From these readings compute the mean deflec- 
tion. Make this computation and record it before the next 
readings are taken. If, when the next mean deflection has 
been determined, a change in the current strength is indi- 
cated by an increased or a decreased deflection of the needle, 
adjust the resistance box so as to bring the needle to the 
position first determined. The deflection of the needle 
should be as nearly constant throughout the exercise as 
possible. Take readings every five minutes until at least 
twenty mean deflections have been determined, and make 
the usual records in proper form. 

(4) At the end of the time specified open the circuit 
and note the exact time at which this is done. 

(5) Remove the plates. Wash the cathode^ first in ordi- 
nary clear water, then in distilled water, and finally in alco- 
hol. Dry the cathode in a current of warm air. Weigh 
the cathode with great care on a sensitive balance. This 
weight, minus the original weight of the plate, is the num- 
ber of grams of copper deposited. 

Record all data in a tabular form. 



* See Stewart and Gee, vol. ii, p. 70. 

t In making these connections be sure that the current will enter 
the voltameter at the anode. 

9 
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Calculations akd Results. — From the twenty mean 
deflections computed during the progress of the experiment 
compute the average of all the deflections. Call this aver- 
age the deflection for the entire time. Get the tangent of 
this average angle from a table of tangents. 

From the weight of copper deposited during the experi- 
ment, the electrochemical equivalent of copper given in 
the preliminary statement, and the total time the current 
was flowing, in seconds, compute the current, C. 

Finally, compute the reduction factor, k. 

Make all these computations for ea(5h coil, or each com- 
bination of coils, of the galvanometer used. 

EXERCISE 54 
Fall of Potential* 

Apparatus. — A Daniell battery of three or four cells. A 
key. Three coils having the respective resistances called 
for below. A voltmeter or a high-resistance galvanometer. 

Preliminary Discussion. — The student should guard 
against a loose use of the terms electromotive force and 
difference of potential. The former is the electrical pres- 
sure developed in the generator. In virtue of this pressure, 
a current is set up in the entire circuit of which the gen- 
erator is itself a part. Now, the electromotive force of 
the generator produces an electrical pressure at all points 
in the circuit. It is self-evident that the pressure at one 
of these points must be different from that at another, else 
no current can flow between the points in question. The 
difference of electrical pressure between two points is 
known as difference of potential. 

Directions.— (1) Connect the apparatus as shown in 
the flgure. Introduce a resistance of 20 ohms between a 
and J, 40 ohms between b and c, and 60 ohms between c 

* Stewart and Gee, vol. ii, p. 102. 
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and rf.* Close the key. Do not open the main circuit 
or change its resistance throughout the performance of 
the exercise. Con- 
nect the terminals 
of the voltmeter, 
or those of the gal- 
vanometer, to the 
main circuit at a 
and b. Take the 
reading of the volt- 
meter, or of the 
galvanometer. If 
the latter instru- 
ment is used, see 
Exercise 51 for di- 
rections for reading a tangent galvanometer. Estimate the 
fractional division in tenths. 

(2) Without changing the resistance of the main circuit, 
connect the voltmeter, or the galvanometer, at the points b 
and c. Take readings as directed in (1). 

(3) Connect the voltmeter, or the galvanometer, at the 
points c and d. Take readings as before. 

(4) Connect the voltmeter, or the galvanometer, at the 
points a and d, 

Eecord data in the following form : 




Fig. 55. 



(1) 

Part of Circuit. 


Fall of potential. 


(3) 

Resistance of part 

of circuit. 


(4) 
Fall of potential 

resistance. 


a—b 








h-c 


1 
1 




c — d 






a — d 


1 





* The resistances given in (1) are merely suggestive ; they should 
be suited to instrumental conditions, particularly to the sensibility of 
the voltmeter or galvanometer used. 
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Calculations and Eesults. — What relation does the 
fall of potential — or diflference of potential, for these are 
synonymous expressions — between two given points bear 
to the resistance between the same points ? Frame a law 
which shall express the meaning of the results given in 
column (4) of the table. Express this law in the form of a 
proportion. Substitute in the proportion you have framed, 
and verify. 

Using resistances as abscissas and potential differences 
as ordinates, plot a curve to represent the relation between 
them. Observe that this curve shows graphically the fall 
of potential from point to point. 

Queries. — What does the voltmeter measure? Its 
coils should have a very high resistance : why? Suppose 
the voltmeter terminals to be connected to two points, X 
and F, between which the resistance of the conductor is 
zero, (a) What is the difference of potential between 
these points ? (J) Explain your answer to (a) in terms of 
the proportion you have framed as directed above. The 
resistance of the feeder wires used on electric railways is 
very small : what can you say of the difference of potential 
between the terminals of such a line? Why is a low re- 
sistance of the feeder wires a desirable thing ? 



EXEKCISE 66 
Verification of Ohm's Law 

Apparatus. — A Daniell battery of several cells. A key. 
A resistance box. A voltmeter and an ammeter ; or, high 
and low resistance galvanometers. The constants of the 
latter instruments should be known. 

Directions. — (1) The instruments are to be connected 
essentially as shown in Fig. 55. Put the resistance box in 
the middle branch. Connect the ammeter, or the low-re- 
sistance galvanometer, and the key in series with the bat- 
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tery. Connect the voltmeter, or the high-resistance galva- 
nometer, in the lower branch. 

(2) Eemove a 10-ohm plug from the resistance box. 
Close the key and take simultaneous readings of the 
voltmeter and ammeter, or of the galvanometers if the 
latter instruments are used. (One student should 
read the voltmeter while another reads the ammeter. 
This should be done quickly upon the giving of a pre- 
arranged signal ; for example, when one student calls, 
*' Now ! ") 

If, when no current is flowing through the instruments, 
either needle does not stand at zero, read its position very 
carefully and correct all readings by adding or subtracting 
the amount by which the needle fails to come to rest at 
zero. If galvanometers are used, take readings as directed 
in Exercise 51. 

(3) Replace the 10-ohm plug and remove a 6-ohm plug. 
Take readings as directed in (2). 

(4) Replace the 5-ohm plug and remove a 1-ohm plug. 
Take readings as before. 

Calculations and Results. 

(I) For the voltmeter and ammeter method. The re- 
sistance of the ammeter and the connecting wires is 
so small as to be negligible. The resistance of the cir- 
cuit consisting of the upper and middle branches (see 
Fig. 55) is therefore the resistance introduced by the 
box and that of the battery. 

The number of amperes of current, (7, flowing through 
the circuit just described is measured by the ammeter. 

The difference of potential, ^, between the points a and 
d is measured by the voltmeter. 

For the partial circuit in question, we now have all the 
quantities involved. By Ohm's Law, these quantities 
should be related in the following manner : 
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(II) For the galvanometer method. Consider the middle 
branch. The resistance of this branch is given by the re- 
sistance box. 

The current, C\ flowing through this branch can be de- 
termined from the deflection of the low-resistance galyanom- 
eter, if the reduction factor of the latter is known. (See 
Exercise 52.) As is shown in the exercise just referred to, 
if the tangent of the observed angle of deflection is multi- 
plied by the reduction factor, ^, of the galvanometer used, 
the product will be the number of amperes of current flow- 
ing through the branch in question, and hence through the 
middle branch. 

The difference of potential, jK, between the extremities 
of the middle branch can be determined from the deflec- 
tion of the high-resistance galvanometer by means of the 
following equation : 

B=k (tan A) R, 

where h is the reduction factor of the galvanometer used, 
tan A is the tangent of the observed angle of deflection, 
and R is the resistance of the middle branch. 

Compute C and E as just directed. Substitute numeri- 
cal values of C, E^ and R in Ohm's Law, and verify. 



EXERCISE 56 
Measurement of Resistance by the Method of Substitution 

Apparatus. — A galvanoscope. A commutator. A coil 
of wire whose resistance is to be measured. A resistance 
box. A battery of Daniell cells. A key or switch. 

Directions. — (1) Connect the apparatus in series. Ad- 
just the position of the galvanoscope until the north pole 
of the needle comes to rest at the zero point of the scale. 
Do not disturb the instrument throughout the exercise. 

(2) Close the switch. When the needle comes to rest, 
read the position of both ends of the needle. Reverse the 
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switch and read as before. Take the mean of the four 
readings. 

(3) Open the switch. Remove the coil from the circuit, 
and in its place connect a resistance box, R. See that 
the plugs are firmly in place in the box. Now close the 
switch. Remove the 20-ohm plug as a trial. If this causes 
a greater deflection than that obtained when the coil was 
in the circuit, replace the plug, and remove one of higher 
resistance. If, on the contrary, the 20-ohm resistance 
causes a smaller deflection, replace it and introduce less 
resistance into the circuit. Use plugs marked tenths for 
the fine adjustment. When a mean deflection is obtained 
which is equal to the one observed when the coil was in the 
circuit, add up the numbers opposite the plugs which have 
been removed from the box. The resistance indicated by 
the box is concluded to be that of the coil. 

CoN^CLUSiONS. — Explain the principle of this method. 
Does the accuracy of this method depend upon the bat- 
tery ? Explain why, or why not, as the case may be. 



EXERCISE 67 

Measurement of Resistance with the Slide-wire Bridge: 
Laws of Length and Cross-section 

Apparatus. — A slide-wire bridge. A commutator. A 
key or switch. A resistance box. Three coils of wire, a, ^, 
and c. Coils a and b have different lengths but the same 
diameter, while coils h and c have the same length but dif- 
ferent diameters. (These lengths and diameters should be 
given the student to save time, as little is gained by having 
him measure them for himself.) 

Laws to be Verified. — (1) For the case of homoge- 
neous conductors of uniform cross-section, the resistance of 
a conductor is directly proportional to its length. 

(2) For the case of homogeneous cylindrical conductors 
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having the same length but different cross-sections, the 
resistance of a conductor is inversely proportional to the 
square of its diameter. ^ 
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Fig. 56. 



Theory of the Slide-wire Bridge.— Let AFB and 
ADB be branches constituting the divided portion of a 
given closed circuit. Let .4 be at a higher potential than 
B. Since F lies between A and B, its potential must be 
lower than that of A and higher than that of B, Now 
every possible potential between those of A and B may be 
found on the branch ADB, Therefore, some point on it, 

as Dy may be found, whose 
potential is the same as 
that of the point Fy be- 
cause every possible poten- 
tial between those of A 
and B are also found on 
the branch ADB. Hence, 
if the points F and D be electrically connected, no current 
will flow from Fto D or from D to F, 

Proof of the Law of the Bridge.— Let B^, R^, Rs, 
and i?4 be the resistances, respectively, of the parts of the 
circuit, AF, BF, AD, and BD, Also, let C be the current 
flowing in the branch AFB, and C^ that in the branch 
ADB, 

By Ohm's Law the fall of potential from ^ to i^ is 
equal to R^ 0, For the same reason, the fall of potential 




Fig. 57. 
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from A to D IB equal to EsCi. Again, the fall from F to B 
is equal to B2C, and that from D to B is equal to R^C\, 

Whence, B,C = B^C,, (1) 

And, B^C, = B^a (2) 

Multiplying (1) by (2), we have 

B^B^CC^ = BoBsCC^. 

Whence, BiB4^ = B^B^. (3) 

In using the bridge, the following general directions 
should be observed : 

(1) See that all connections are properly and securely 
made, using as heavy conductors as the case will permit. 

(2) Introduce into the B^ arm of the bridge the resist- 
ance to be measured and into the B^ arm a resistance com- 
parable to that of the former. 

(3) Close the key temporarily and rapidly change the 
resistance of the B^ arm — that of the resistance box — until 
the galvanoscope needle falls back approximately to zero. 

(4) After having roughly balanced the bridge, secure a 
more perfect balance by moving the slider of the bridge 
along to such a position that, when the key is closed, no 
deflection of the needle can be observed. What condition 
has now been attained ? 

(5) When the bridge is perfectly balanced, the products 
of the opposite arms are equal, as indicated by equation (3). 

Directions. — (1) Make connections as indicated by the 
figure, introducing coil a into the Bx arm of the bridge. 
Balance the bridge. Eecord the resistance introduced into 
the B2 arm of the bridge — that of the box. Measure and 
record the lengths of the arms A D and BD. These lengths 
are the distances, respectively, from the bridge key to the 
left-hand or A end of the bridge, and from the key to the 
right-hand or B end of the bridge.* 



* Compare Pigs. 56 and 67. 



128 ELEMENTARY PHYSICS 

(2) Make the necessaiy changes and connections, using 
coil b. Proceed as directed in (1). 

(3) Make the necessary changes and connections, using 
coil c. Proceed as directed in (1). 

Calculatioks and Results. — In order to use the slide- 
wire bridge in proving Law I, we must assume the law as 
proved in so far as it relates to the bridge-wire — that is, 
in order to use the bridge at all, we must assume that the 
resistance of any portion of the wire is proportional to the 
length of the portion in question. The only justification 
for assuming the very proposition which is to be proved 
is the fact that Law I is almost self-evident. The really 
important points in the exercise are the verification of 
Law II, and practice in the use of the bridge. 

The lengths of the arms AD and BD may therefore be 
substituted for R^ and R^^ respectively. Substitute these 
lengths, and the resistance introduced by the box R^ in 
equation (3), and solve for R^, In this manner compute 
the resistance of coils a, d, and c. 

State Law I in the form of a proportion. Substitute 
numerical values in the proportion you have framed, and 
verify. 

State Law II in the form of a proportion. Substitute 
in this proportion, and verify. 



EXERCISE 68 
Joint Resistance of Branched Circuits 

Apparatus. — Three coils of different resistances, 
mounted and connected as shown in Pig. 58. A slide-wire 
bridge with the necessary accessories. 

Preliminary Discussion. — Bear in mind, first of all, 
that the joint resistance of a circuit consisting of any num- 
ber of branches is less than the resistance of the branch 
having the least resistance. The joint cross-section of such 
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a circuit is greater than that of any one of the branches. 
Hence, the joint resistance of a branched circuit is less 
than the resistance of any branch. 

The conductivity of a circuit whose resistance is 1 ohm 
is taken as 1. Hence, the conductivity of any circuit is 
the reciprocal of the resistance of the circuit, and vice 
versa. 

Again, the joint conductivity of a circuit consisting of 
n branches is equal to the sum of the conductivities of the 
several branches. The resistance of such 
a circuit is the reciprocal of its joint con- 
ductivity. 

Proposition's. — Let it be required to 
measure the joint resistance of the fol- 
lowing branched circuits : 

(1) That of a circuit consisting of two 
branches. Let this be the joint resist- 
ance of the branches, aAb and aBc^ as 
shown in the figure. ^^^ ^^ 

(II) That of a circuit consisting of 
three branches. Let this be the joint resistance of the 
branches, aAh^ aBc^ and aCd^ as shown in the figure. 

DiBECTioi'S. — (1) Connect the terminals of coil A to 
the X or R^ arm of the bridge. Measure the resistance of 
coil A with great care. 

(2) Disconnect coil A. Connect coil B to the R^ arm 
of the bridge. Measure the resistance of coil B. 

(3) Disconnect coil B, Connect coil C to the R^ arm 
of the bridge. Measure the resistance of coil C, 

(4) Disconnect coil C. Connect, in multiple^ the termi- 
nals of coils A and B to the R^ arm of the bridge. Measure 
the joint resistance of coils A and B. 

(5) Connect, in multiple^ the terminals of coils A^ i?, 
and C to the R^ arm of the bridge. Measure the joint re- 
sistance of coils Ay B, and C 

Record data in tabular form. 
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Calculations and Results. — Compute the resistance 
of each coil from data obtaiued in (1), (2), and (3). 

Compute the joint resistance of coils A and B; also of 
coils .1, By and C. Use data obtained in (4) and (5). 

Write an equation for computing the joint resistance of 
a circuit consisting of two branches. 

Write an equation for computing the joint resistance of 
a circuit consisting of three branches. 

Substitute in these equations and verify. 



EXERCISE 69 
Specific Resistance 

Apparatus. — A slide-wire bridge with the necessary 
accessories. Coils of copper and German-silver wire. The 
length and diameter of the wire composing these coils 
should be known in advance. 

Preliminary Discussion. — The resistance of a con- 
ductor varies with the material of which it is composed. 
The specific resistance of a given substance is usually 
defined to be the resistance of a block of the substance 
having a length of 1 cm. and a cross-section of 1 square 
cm. For present purposes the following definition is 
suflicient : 

The specific resistance oi a substance is the resistance 
of a conductor of that material having a length of 1 meter 
and a constant diameter of 1 mm. 

Directions. — (1) Measure and record the resistance of 
the copper wire. Record its length and diameter. 

(2) Measure and record the resistance of the German- 
silver wire. Record the length and diameter of the Ger- 
man-silver wire. 

(3) Repeat (1) and (2) several times. 
Calculations and Results. — The resistance of a 

copper wire having a given length and diameter has been 
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determined in the experiment. Prom these three quanti- 
ties the resistance of a copper wire whose length is 1 meter 
and whose diameter is 1 mm. can be computed. The re- 
sistance last mentioned will be the specific resistance of 
the copper furnished you, according to the definition of 
specific resistance given in the latter part of the prelimi- 
nary discussion. The foregoing remarks apply with Bqual 
force to the German-silver wire. 



EXERCISE 60 
Temperature Coefficient of Beaistance of Copier 

Apparatus. — A slide-wire bridge with its accessories. 
A coil of fine copper wire. A vessel in which to suspend 
the coil. Ice-chips. A thermometer. 

Preliminary Discussiok. — The resistance of conduct- 
ors varies with the temperature. For most substances the 
rate of this change of resistance is fairly uniform through 
moderate ranges of temperature. The rate, per degree 
centigrade, at which resistance increases or decreases is 
called the temperature coefficient of resistance. It is always 
a fraction. It is the fraction of the resistance of a given 
conductor at 0° C, by which its resistance is increased or 
decreased when the temperature is changed 1° C. 

For example, the temperature coeflBcient of pure copper 
is 0.00388. This means that a pure copper conductor whose 
resistance at 0° C. is 50 ohms will have its resistance in- 
creased 0.00388 of 50 ohms if its temperature be raised 1° 
C. If its temperature be raised 35° C, then the resistance 
of the conductor will be, 

50 + (50 X 0.00388 X 35) = 56.79 ohms. 

Directions. — (1) First place the copper coil in a suita- 
ble vessel, packing it around with ice-chips, and finally 
filling the vessel with water. Connect the terminals of the 
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coil with the X-arm of the bridge. Stir the ice-chips and 
water for two minutes. • Then close the circuit and meas- 
ure the resistance of the coil. 

(2) Eemove it to a vessel containing boiling water, and 
after two minutes proceed to measure the resistance of the 
coil as in (1). 

(3) Compute the temperature of the boiling water from 
the barometric pressure. 

(4) Measure the resistance of the coil at several points 
between 0° C. and 100° C. Take the temperature at the 
instant the bridge is balanced. Eecord each resistance and 
the corresponding temperature. 

Calculations and Eesults. — Prom the definition of 
the temperature coeflScient of resistance and the example 
given above, form an equation for computing the coeflBcient. 
Substitute results obtained in (1), (2), and (3) in the equa- 
tion, and solve for the coefficient. Using temperatures 
as abscissas and resistances as ordinates, plot a curve show- 
ing the relation of resistance to temperature for the case of 
copper. Determine approximately the point at which the 
curve would intersect the temperature axis if the latter 
were extended sufficiently to the left. To what tempera- 
ture does the point just mentioned correspond? What 
very interesting inference may be drawn from this fact ? 



EXERCISE 61 
Besistance of a Voltaic Cell 

Apparatus. — One or more cells whose resistance is to 
be measured.* A resistance box. A voltmeter. A tan- 
gent galvanometer whose resistance and reduction factor 
are known. A commutator. 

* The number of cells to be used will be determined by the sensi- 
tiveness of the voltmeter and galvanometer used. 
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Part A. — Fall of potential method. 

DiEECTiONS. — (1) Measure, on open circuit, the E. M. F. 
of the cell or cells to be tested. Call this difference of po- 
tential E. 

(2) Connect the apparatus as indicated by Fig. 59. 
(The commutator is not shown.) Ee- 
move a plug from the resistance box, 
which will introduce a resistance, i?, 
comparable to the resistance of the bat- 
tery under test. Take the voltmeter 
reading, F. 

(3) Bepeat (1) and (2) several times, 
recording each set of values. 

Part B. — Method of Ohm's Law, using 
a tangent g^vanometer. 

Directions. — (1) Connect the appa- 
ratus as shown in Fig. 60. Introduce 
resistance into the circuit until a de- 
flection of between 55° and 60° is pro- 
duced. Take direct and reversed readings of the galva- 
nometer. Record the box resistance and that of the 
galvanometer, calling their sum R. 

(2) Introduce resistance into 
the circuit until a deflection of 
between 40° and 45° is pro- 
duced. Take direct and re- 
versed readings of the gal- 
vanometer. Record the box 
resistance and that of the 
galvanometer, calling their 
sum i?i. 

(3) Repeat (1) and (2). 
Calculations and Re- 
sults. 

Part A. — If E is the difference of potential between 
the terminals of the battery on open circuit, i? is a given 



Fig. 69. 




Fig. 60. 
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external resistance, and r is the resistance of the hattery, 
then, by Ohm's Law, 

Now if a voltmeter be attached to the terminals of the 
resistance box and the E. M. F. of the battery and the re- 
sistance of the entire circuit does not change, the current 
C (which is C of (1) ) will be given by the equation, 

0= |, (2) 

in which V is the difference of potential at the terminals 
of the box. 

Whence, from (1) and (2), 

r = 5i^. (3) 

Substitute sets of related values in (3) and solve for r. 

Part B.— If E is the E. M. F. of the battery as deter- 
mined in (1) of Part A, R is the total external resistance, 
and r is the resistance of the battery, then, 

If R be changed to i?i, and the E. M. F. and the resist- 
ance of the battery do not change, then the current, Ci, 
will be given by the equation. 

Whence, dividing (1) by (2) and equating for r, we 
have, 

Compute the mean deflection for each case. Then com- 
pute C, the current flowing in the circuit under the condi- 
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tions as specified in (1). Also compute Ci, the current 
flowing in the circuit under conditions as specified in (2). 

Substitute in equation (3) and solve for r. If more 
than one cell was used, compute the resistance per cell. 

Compare the values of r as obtained by the two meth- 
ods employed in this exercise. 



EXERCISE 62 
Besistance of a Voltaic Cell by Mance'a Method 

Apparatus. — A slide-wire bridge with its accessories. 
A Daniell or a gravity cell whose resistance is to be deter- 
mined. 

DiEECTiONS. — (1) The several parts of the apparatus 
are to be connected essentially as shown in Fig. 56, with 
certain slight changes. The cell whose resistance is to be 
measured should be connected to the R^^ or X, arm of the 
bridge. The line which usually includes the battery should 
be replaced by a heavy wire, provided with a circuit-key. 
The galvanometer is connected as usual. Its key should 
remain closed, 

(2) When connections have been made as just described, 
the galvanometer needle will be permanently deflected. If 
this deflection is very much greater than 45°, it should be 
reduced by shunting the galvanometer. (A convenient 
shunt is a resistance box connected to the terminals of the 
galvanometer.) A controlling magnet may be used to effect 
the same result. The magnet should be placed as far away 
from the galvanometer as possible, so as not to reduce the 
sensibility of the galvanometer, too much. 

Adjust the position of the contact key on the bridge- 
wire so that, when the key in the usual battery line is closed, 
the deflection of the needle will not materially change. In 

making this adjustment, a marked change of the position 
10 
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of the needle will indicate that the correct position of the 
contact key has not been found. No attention should be 
paid to a gradual change of the position of the needle. 
Owing to the polarization of the cell, a gradual drift of the 
needle is likely to be observed. There may also be a slight 
disturbance of the needle due to self-induction in the 
bridge coils. 

(3) When the closing of the key in the battery line does 
not produce a decided change in the position of the needle, 
the points F and D (see Exercise 67) are at the same poten- 
tial, and the bridge is balanced. Take the reading of the 
bridge arms, AD and BD. 

(4) Repeat (2) and (3) several times. 

Calculations and Results. — Since, in this experi- 
ment, the cell occupies the R^ arm of the bridge, the 
resistance of the cell must therefore be i?i, as treated in 
Exercise 57. Hence, by the law of the bridge, 

R^ iRi'.iAD: BD, 

where R2 is the box resistance. 

Compute the resistance of the cell. Compute the mean 
of the different determinations. 

Queries. — Should the resistance of the shunt referred 
to in (2) be greater or less than the resistance of the gal- 
vanometer? Why? How should the controlling magnet 
be placed to reduce the deflection of the galvanometer? 
Why will polarization of the cell produce the effect men- 
tioned in (2) ? Why will self-induction in the bridge coils 
cause a deflection of the needle ? 



EXERCISE 63 
Electromotive Force of a Voltaic Cell 

Apparatus. — A voltmeter. A tangent galvanometer 
whose reduction factor is known. A resistance box. A 
circuit-key. A commutator. A Daniell or a gravity cell. 
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Peeliminaey Statement. — It is the purpose of this 
exercise to compare the E. M. F. of a voltaic cell on open 
circuit with the E. M. F. of the same cell determined by 
means of a tangent galvanometer. 

Directions.— (1) Determine the E. M. F. of the cell 
on open circuit by means of the voltmeter. In case the 
voltmeter does not read to tenths of volts, it will be better 
to dispense with it. In such an event use a cell freshly 
made up by formula to have a certain voltage. Allow the 
cell to send a current through a moderate resistance for 
some time before using it. Take the rated E. M. F. for 
the E. M. F. of the cell on open circuit. 

(2) Connect the cell, resistance box, commutator, key, 
and galvanometer in series. Close the circuit-key and ad- 
just the resistance box until a deflection of about 40° is 
produced. Take direct and reversed readings of the gal- 
vanometer. Call the resistance of the box R. 

(3) Change R to R^^ a resistance that will produce a 
deflection of about 55°. Take the galvanometer readings 
as before. 

(4) Bepeat (1), (2), and (3), adjusting the resistance 
box so as to have deflections intermediate between those 
mentioned in (2) and (3). 

Eecord data in the following form : 



Dbtbkmination. 


Box resist- 
ances. 


Galv. 
readings. 


Current 
strength. 


E. M. F. by 
voltmeter. 


E. M. F. by 
galv. 


I 


R 

Rx 


(1) 

(8) 

(8) 

(4) 

Mean.. . . 

(1) 

(2) 

(8) 

(4) 

Mean 


a 

c, 

Etc. 


E. 

Etc. 


E. 


II 


Etc. 


Etc. 


Etc. 
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Calculations and Results. — Compute the mean de- 
flection of the galvanometer needle for case. Then com- 
pute the current strengths, CandC'i, for each determination. 
From these current strengths, and from the resistances, R 
and jBi, the E. M. F. of the cell can be computed. In order 
to understand how this is done, consider the following : 

If E is the electromotive force of the cell, JB is a given 
resistance introduced into the circuit, and R2 is the com- 
bined resistance of the cell, galvanometer, and connections 
—which may remain unknown, as will presently appear- 
then, by Ohm's Law, 

If R be now changed to Ri while B and JS^ remain 
constant, 

^' = RTT^,' ^^^ 

From equations (1) and (2) a single equation may be 
derived from which R^ is eliminated. The equation re- 
ferred to may be stated as follows : 

_ CC,(R - B,) 

Substitute related sets of values in equation (3) and 
solve for E, Compare this value of E with that obtained 
by means of the voltmeter. 

Include in your report a complete derivation of equa- 
tion (3) from equations (1) and (2). 



EXERCISE 64 

Electromotive Force of a Voltaic Cell in Terms of a Daniell 
Cell by the High-Resistance Method 

Apparatus. — A sensitive tangent galvanometer whose 
reduction factor is known. A resistance coil of at least 
5,000 ohms. A commutator. A resistance box. A Daniell 



MAGNETISM AND ELECTRICITY 139 

battery of several cells freshly made up by formula to 
have a specified voltage. A Leclanch6 battery of several 
cells. 

DiEECTiONS. — (1) Connect the Daniell battery, the 
galvanometer, and the 5,000-ohm coil in series. Con- 
nect the resistance box to the terminals of the galva- 
nometer, to be used as a shunt if necessary. Adjust the 
apparatus until a deflection of about 45° is obtained. 
Take direct and reversed readings of the galvanometer. 
Becord the mean of these readings as the angle of deflec- 
tion. 

(2) Connect the Leclanche battery, the galvanometer, 
and the 5,000-ohm coil in series. Adjust the apparatus 
until a deflection is obtained which is about the same as 
that observed in (1). Take direct and reversed readings of 
the galvanometer, and record their mean as the new angle 
of deflection. 

(3) Eepeat (1) and (2) as a check upon your results. 
Calculations and Eesults. — The interesting feature 

of this exercise is the fact that by using this method the 
E. M. F. of a voltaic cell can be computed without know- 
ing either the external or the internal resistance, provided 
that we know that the former is very large in comparison 
with the latter. The reasoning is as follows : 

Let E be the E. M. F. of each Daniell cell and Ei be that 
of each Leclanche cell. Let r be the resistance of each 
Daniell cell and r^ be that of each Leclanch6 cell. Also, 
let R be the total external resistance, including that of the 
5,000-ohm coil, the galvanometer, and the leads — all of 
which may remain unknown. 

With the cells of the Daniell battery in circuit, as 
directed in (1), the current, (7, will be given by the equa- 
tion, 

where n is the number of cells. 
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With the Leclanche battery in circuit, as directed in (2), 
the current, C^, will be given by the equation, 

n^-^±-. (2) 

Whence, dividing (1) by (2), we have 

^' ^"'E+nr • R + nr,' ^ ^ 

But R is exceedingly large in comparison with either 

nr or nvi. Therefore, for all practical purposes, R-\-nr = 

R + nri. This being so, equation (3) may be written as 

follows : 

C : Ct :: nB : nBi. (4) 

Compute C and Ci. If the Daniell cells are freshly 
made up by formula as directed, their E. M. F. will be 
known. It only remains to substitute in (4) and solve for 
Bij the E. M. F. of a Leclanch6 cell. 



EXERCISE 65 

Electromotive Force of Generators connected in Different 
Ways ; Effect of Method of Connection upon Current fur- 
nished when External Conditions are Constant 

Appaeatus. — Six Daniell cells whose resistance is 
known. A resistance box. A commutator. A voltmeter. 

Preliminaey Statement. — Before beginning this ex- 
ercise the student should know the meaning of the terms, 
simple series, simple multiple, series-multiple, and multiple- 
series. 

Directions. — Measure the E. M. F. of each cell on 
open circuit. Call these E. M. F.'s, Fi, E^^ ^3, ^4, E^^ etc. 

(2) Connect two cells in simple series with the volt- 
meter. Measure the combined E. M. F. of the two 
cells. 
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(3) Connect three cells in simple series. Measure their 
combined E. M. F. 




Fig. 61. 




(4) Proceed in the same way, adding one cell at a time, 
measuring the combined E. M. F. in each case. 

(5) Connect all- the cells in series-multiple. Measure 
the E. M. F. of the battery. 

(6) Eepeat (1), (2), (3), and (4), _ 5«.e» multipui 
connecting the cells in simple multi- 
ple. Measure the E. M. F. of the 
battery in each case. 

(7) Connect all the cells in mul- 
tiple-series. Measure the E. M. F. of 
the battery. 

(8) Connect six cells in series- *" ^m. 62 
multiple — in two rows, with three 

cells in each row. Compute the resistance of the battery. 
Introduce in series with the battery a galvanometer and a 
resistance box. Adjust the box and use such a coil, or coils, 
of the galvanometer that their combined resistance shall 
equal the resistance of the battery. Close the circuit and 
take direct and reversed readings of the galvanometer. 



SS) 







SiMFUe MULTIPUE 

Fio. 63. 



(9) Change the connection of the battery cells to mul- 
tiple-series. Do not change conditions in the galvanometer 
or the resistance box. Take the galvanometer readings as 
before. 






MULTlPt-B dCRiea. \ 

Fig. 64. 
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(10) Change the connections of the battery cells, in 

turn, to simple series and simple multiple. Observe the 

caution given in (9) with respect to the galvanometer and 

^ resistance box. Take the galva- 

/TjyT^^ nometer readings. 

\\ WJ\\ WTV 1/1 Eecord data in tabular form. 

Conclusions. — From the results 
of operations (1) to (7), inclusive, 
deduce a rule for computing the 
E. M. F. of batteries connected in 
the different ways specified above. 
From the galvanometer deflec- 
tions observed in (8), compute the mean deflection. Then 
compute the current strength. Proceed similarly with 
respect to (9) and (10). Compare the three results. 

Observe that in (8), (9), and (10) we are dealing with 
fixed external conditions, with variable internal conditions. 
What general conclusion can you draw from the results of 
operations (8), (9), and (10) ? What practical application 
is made of the principles involved in the latter part of this 
exercise ? 

Problems. — Suppose three djmamop to be connected in 
simple series. Suppose the E. M. F. developed at the ter- 
minals of the machines are 116 volts, 118 volts, and 114 
volts, respectively. What will be the difference of poten- 
tial between the extremities of this " battery " of dynamos ? 
Suppose the same machines to be connected in simple 
multiple. What will be the E. M. F. of the current fur- 
nished by this " battery " of dynamos ? 
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EXERCISE 66 

(Alternative with Exercise 67) 

Current Strength, Wattage, and Horse-power necessary to 
operate Certain Electrical Instruments 

Apparatus. — A key. A tangent galvanometer whose 
reduction factor is known. A resistance box. An Edison- 
Lalande battery of several cells, or a bichromate battery 
freshly made up by formula to give a certain voltage. An 
electric bell. A telegraph sounder. A telegraph relay. A 
small electric motor. 

Preliminaey Discussion. — Even after the student has 
become fairly well grounded in the elementary principles 
of electricity, it is quite possible that he may not yet clearly 
apprehend the relation which exists between the three 
principal units, the voU^ the ohm^ and the ampere. To 
guard against this possibility is the object of this exercise. 

Let it be required, therefore, to determine the current 
strength, the wattage, and the horse-power necessary to 
operate the above-named instruments. 

ESsume of principles involved : 

(1) Ohm's Law, ^= I =S^. 
^ ^ R Ohms 

(2) Watts = CE. 

(3) Horse-power = r^. 

Directions. — (1) Eecord the rated E. M. F. of the bat- 
tery you are to use. 

(2) Eecord the resistance of each instrument which is to 
be operated. (The student should not be required to meas- 
ure these resistances unless there is an abundance of time.) 

(3) Connect the key, tangent galvanometer, electric 
bell, commutator, and battery in series. Use just enough 
cells to operate the bell with the proper degree of loudness. 
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Close the key and take direct and reversed readings of the 
galvanometer.* Check this result by repeating this opera- 
tion several times. Open the key as soon as the readings 
are taken. 

(4) fiepeat (3), using the telegraph sounder. 

(5) Bepeat (3), using the relay. Use but one cell, and 
introduce resistance until the relay will just barely operate. 
See that the tension spring is very loose, and that the arma- 
ture works freely. 

(6) Eepeat (3), using a small electric motor. If suf- 
ficient time can be given to the exercise, measure the cur- 
rent consumed (a) when the armature of the motor is held 
stationary while the current is flowing through the instru- 
ment; (b) when the motor is running under no load; (c) 
when the motor is running under a small load ; and (d) 
when the motor is pulling a load that reduces its speed in 
a marked degree. 

Record data in the following form : 







Rated E. M. F. per Cell 


instruicent 
Opbratbd. 


Resist- 
ance. 


No. 

cells 

used. 


Rated 
E.M.F. 
of bat- 
tery. 


Com- 
puted 

Ef.M.F. 

of bat- 
tery. 


Deflec- 
tion. 


Current 
strength. 




Horse- 
power. 


Bell. 
















Sounder. 
















Relay. 


















Armature 
held. 
















o 


No load. 














Small load. 










1 


^ 




Overload. 


1 






1 

1 





* The vibrator of the bell should be held against the screw, else 
the self-induction in the coils of the bell will disturb the needle of the 
galvanometer. 
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Calculations and Results. — Record the E. M. F. of 
the battery used in each part of the exercise. The E. M. F. 
of the battery no doubt changed during the progress of the 
experiment. Therefore, it will be well to compute it for 
each part of the exercise. 

By Ohm's Law, 0=^. Whence, E = OR, 

From the law of the tangent galvanometer, C^:^Ki9Ji 
A, compute the current strength for each case. Then 
compute the E. M. F. for each case from the formula, 
B= OR. 

Finally, compute the wattage and the horse-power for 
each part of the exercise. 

Do not fail to contrast the horse-power necessary to 
operate the relay with that necessary to operate the sounder 
or the electric bell. This comparison should forcibly 
emphasize the reason for using relays on telegraph lines. 



EXERCISE 67 
Electrical Horse-power 

Apparatus. — A voltmeter. An ammeter. Incandes- 
cent electric lamps of 16 c. p., 50 c. p., and 100 c. p. A 
small electric motor. An arc lamp. 

Preliminary Discussion. — The unit of electrical ac- 
tivity is the watt. The electrical activity — i. e., the wat- 
tage — necessary to operate a given instrument or machine 
is given by the equation, 

where W is the wattage, O is the current, and £J is the 
electromotive force. 

The mechanical equivalent of the watt is yj^ of a horse- 
power. Hence the horse-power of a current may be readily 
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computed. In determining the horse-power necessary to 
operate a given electrical instrument or appliance, under 
stated conditions, it is only necessary to know the current, 
G^ flowing through the instrument and the difference of 
potential, E^ between its terminals. Let it be required to 
determine the electrical horse-power necessary to operate 
the following : {\) A 16 c. p. incandescent lamp. (2) A 
50 c. p. incandescent lamp. (3) A 100 c. p. incandescent 
lamp. (4) An arc lamp. (6) An electric motor running 
under different loads. 

Directions. — (1) Connect the 16 c. p. lamp and the 
ammeter in series to the mains. Connect the voltmeter to 
the terminals of the lamp. Now, take a set of simultane- 
ous readings of the voltmeter and the ammeter. A set of 
at least ten observations of C and E should be taken. 

(2) Proceed in the same manner with the other lamps. 

(3) Connect the ammeter in series with an electric 
motor which may be caused to run with various loads from 
no load to overload. Connect the voltmeter to the termi- 
nals of the motor. 

(4) Take a set of these readings with no load. 

(6) Put on half the rated full load. Take the readings 
as before. 

(6) Put on the full load and take the readings. 

(7) Put on additional load until the speed has been 
considerably reduced. Take the readings. 

(8) Turn off the current from the motor. Fasten the 
armature so that it can not rotate. Now, turn on the cur- 
rent and take the readings. (Do not leave the current on 
longer than is necessary to take the readings.) 

Record data in a table that will present in the most 
forcible manner the results of this exercise. 

Calculations. — Compute the electrical horse-power 
for each case, using mean values. Incorporate in your 
report a discussion of any general or special ideas to which 
this exercise may lead. 
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SOUND 



EXERCISE 68 

Vibration Frequency of a Timing^Fork 

Apparatus. — Long strips of smoked glass to be fastened 
to a carrier. A tuning-fork mounted in such a way that 
the stylus attached to one prong of the fork may trace a 
line on the smoked glass when the carrier is moved along. 
A short pendulum so mounted that a stylus attached to its 





Q: 



^ 



Fio. 66. 

lower end may trace lines on the smoked glass perpendic- 
ular to its direction of motion. 

Preliminary Discussion.* — By a complete vibration 
of a body is meant the complete motion which it executes 
between two successive recurrences of the same position or 
condition. Such vibrations sometimes are called double 



* Deschanel, Acoustics, p. 1 ; Hastings and Beach, p. 571. 
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vibrations, the number of them per second being known 
as the vibration frequency, and the time of one of them as 
the period of vibration. 

Directions.* — (1) Set the pendulum swinging across 
one end of the strip of smoked glass. See that its stylus 
traces but one line. Strike a prong of the fork with a 
small mallet, or pass a rosined bow over it. At once draw 
the slider along, thus causing the stylus to trace a wavy 
line which, at intervals, will be crossed by lines traced by 
the pendulum stylus. 

(2) Determine the time of one double swing of the pen- 
dulum used. 

(3) Make several records on different strips of glass. 
Calculations. — Count the number of waves between 

the most widely separated pendulum marks which enclose 
an uneven number of spaces. The interval of two adjacent 
spaces evidently represents the time occupied by a com- 
plete vibration of the pendulum. Calculate the number of 
complete vibrations made by the fork in the time of one 
complete vibration of the pendulum. Knowing the period 
of the pendulum and the number of vibrations made by 
the pendulum in this time, the frequency of the fork can 
be computed. 

EXERCISE 69 

Velocity of Sound- Waves in Air 

Appaeatus. — A tube of glass or other material. A 
clamp and support to hold the tube at any depth in a ves- 
sel of water. Or, better still, if the tube is provided with a 
stop-cock at its lower end, the height of the column in the 
tube may be adjusted by allowing some water to run out.f 

* For other methods, see Deschanel, Acoustics, p. 38. 

f Very superior results can l>e obtained with apparatus of the form 
shown in Fig. 66. This form has the virtue of being complete within 
itself and the merit of being easy to construct. 
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Pebliminary Discussion. — It may be shown that a 
wave motion travels a distance of one wave-length in the 
time occupied by . one vibra- 
tion of the particles participat- 
ing in the motion. The dis- 
tance which this wave motion 
travels in one second is called 
the velocity of the sound-wave. 

Whence, V^IN (1) 

where I is the wave-length and 
N is the vibration frequency. 

Part A. — Velocity deter- 
mined from first resonance point. 

Directions. — (1) Hold the 
fork close to the mouth of the 
tube. Adjust the height of 
the water column in the tube 
until the fork produces the 
lo udest tone. Immediately take 
the temperature of the room. 

(2) Carefully measure the 
distance, d^ between the lower prong and the water surface. 

The distance, e?, equals j- : Why ? Measure the internal 

radius of the tube, r. 

(3) Make several determinations of d and r. Take the 
mean of these measurements. 

Calculations. — Compute the mean value of d and r. 
The diameter of the tube affects the wave-length. Eay- 
leigh's correction on this account makes equation (1) 
read 

V=i{d+r)N (2) 

where r is the radius of the tube, considered cylindriform, 
and d is the length of the air column. 

Substitute in (2) and solve for F. The value of Fthus 




Fio. 66. 
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found will be in error due to the fact that the velocity of 
sound-waves varies with the temperature. This velocity, 
in air, increases 0.616 M. for each centigrade degree. Apply 
this correction to determine the velocity at O'' C. 

Pabt B. — ^Velooity determined trcm other resonance 
points. 

Prbliminaey Statement. — There are other points 
where resonance effects can be produced, provided the 
tube is long enough. The tube must contain an air column 
of such length that the reflected wave will catch up with 
the vibrating prong as it passes the middle point of its arc 
of vibration on the outward motion. 

Directions. — (1) Find a second point of resonance as 
directed in (1) of Part A. Measure d and r as before. 

(Observe that d in this case is not -r. What is it ?) 

(2) Find a third point of resonance, if the tube is long 
enough. 

Calculations. — For any point of resonance the law 
given in equation (2) may be written in the form. 






in which n is the number of the resonance point. 

Substitute in equation (3) and solve for F. Correct for 
temperature as directed in Part A. 



EXERCISE 70 
Velocity of Sound- Waves in Brass 

Apparatus. — A Kundt's apparatus, essentially as fol- 
lows : A glass tube, about a meter long and of 3 or 4 cm. 
bore, is closed at one end with a cork. A brass rod, about 
1.5 m. long, held by a clamp at its middle point, is pro- 
vided with a piston which fits the glass tube loosely. The 
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brass rod is passed into the tube until the piston is about 
26 cm. from the closed end of the tube. Lycopodium is 
strewn within the tube. 



haM^^B^H^^&AMHiah^^i^Bi^^lflL^ 



Fig. 67. 

Preliminary Discussion. — When the brass rod is set 
in vibration, the air confined within the tube is thereby 
thrown into vibration. Evidently, whatever number of 
vibrations per second is made by the rod, the same number 
must be made by the air, since the vibration of the rod 
causes that of the air. That is, 

N-= n, (1) 

W being the frequency of the air and n that of the rod. 
Now, the velocity of sound-waves in air is given by the 
equation, 

v=ijsr. (2) 

Also, the velocity of sound-waves in brass is given by a 

similar equation, 

V, = hn. (3) 

Dividing (2) by (3) we have, 

V~ hn ^*^ 

Whence, — = y. 

Or, V^ = ^. (5) 

Directions. — (1) Rub the brass rod with a wet cloth, 
or a dry cloth sprinkled with rosin, the stroke passing from 
the middle toward the free end ; a shrill, high note will be 
produced. IN^ow, move the tube on its supports, or move 
the brass rod, until, when the rod is rubbed, the lycopodium 
is violently agitated and thrown' into well-defined ridges 
11 
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with clear spaces between. Continue the adjustment untU 
the end ridges are as perfect as the others. 

(2) Measure the length, d^ of the confined air column. 
Count the number of ridges, r. 

(3) Measure the length, Z>, of the brass rod. 

(4) Take the temperature of the air in the room. 

(5) Repeat (1), (2), (3) and (4) several times. Take the 
mean of the several determinations. 

Theory and Calculations. — By equation (6) we see 
that in order to compute the velocity of sound-waves in 
brass, we need only to know the wave-lengths in air and 
brass and the velocity in air. Consult a table for the ve- 
locity in air at 0** C. Then compute the velocity in air at 
the temperature observed during the performance of the 
exercise. Call this V of equation (6). 

The ridges mark antinodal points, and the spaces be- 
tween them mark nodal points. The distance between a 
node and an adjacent antinode is one-fourth of a wave- 
length. 

2d 
Whence, — = /, or one wave-length in air. (This is 

true for the reason that there are as many vibrating air 
columns in the tube as there are groups of ridges.) 

Since the rod was clamped at its middle, that point 
must have been a node. 

Whence, 2D = ?i, or one wave-length in brass. 

Substitute in equation (6) and solve for V^. Compare 
result with the value given in tables. 



EXERCISE 71 
Laws of Vibrating Stringy 

Apparatus. — A sonometer, held securely in a vertical 
position, provided with three piano-wires, Ay B^ and C. 
The diameter of A and B should be the same, while that 
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of C Bhould be exactly twict as great. Each wire should 
have a pail attached to itB lower end to serve as a Bcale- 
pan. (Incline the sonometer slightly 80 that the wires 
will rest lightly against the lower head- 
piece.) A micrometer caliper. A meter- 
stick. A balance and set of weights. A 
tuning-fork of pitch C-138. 

Pbeliminabt Statements. — The ob- 
ject of this exercise is twofold : 

(I) To familiarize the student with cer- 
tain general ideas concerning vibrating 
strings. 

(II) To verify the following laws of 
vibrating strings : 

(1) The frequency of a vibrating string 
varies inversely as its length. (3) The fre- 
quency of a vibrating string varies inverse- 
ly as its diameter. (3) The frequency of a 
vibrating string varies directly as the square 
root of the tension applied to the string. 

Note. — In (1) the diameter sod tension are as- 
sumed to be coDstant ; in (3) the length and tenKiun 
are constant; and in (3) the length and diameter 
are constant.* 

In the srork of thiB exercise one string is to be 
tuned to the pitch of the fork, C-138. This has to 
be done for the reason that the average high-school 
laboratory is not provided with apparatus for deter- j 

mining vibration frequencies by a direct method. I 

Another string is to be tuned to tlie octave above 
C-128. The student will have to assume as proved 
that the pitch of the latt«r string is 0-21)6. Thus, 
he will know the vibration froqueneies of these 
strings at the outset. Call the frequency of the 
former N and that of the latter N,. Fio. fis. 

• Do not fail to include in your report on Part B a definite state- 
ment showing how these conditions were fulfilled. 
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Part A. — General ideas regarding the relation of length, 
diameter, and tension to vibration frequency. 

Directions. — (1) Place weights in the scale-pans of A 
and B until they both have the pitch of the fork, C-128. 
Place a bridge under B at any point other than the middle. 
Pluck A and the longer segment of B. Which one gives 
a note of higher pitch ? Place the bridge at other points 
under B. Note the relative pitch as before. Place the 
bridge under B at its middle point. Pluck either segment 
of B, Does it give the octave above A ? If it does, this 
will show that the frequency is doubled if the length of 
the string is halved. 

(2) Place equal weights in the scale-pans of B and G. 
Pluck both wires. Which one has the higher pitch ? 

(3) Place unequal weights in the scale-pans of A and B. 
Pluck both wires. Which one gives a note of higher pitch? 
Double the weight in B and note whether the string gives 
the octave above or below the note given by A. If it does 
not, this will show that the frequency does not vary with 
the tension in a simple way. 

Part B. — To verify the laws of vibrating strings given 
above. 

Directions. — Law of Le^igth. 

(1) Place weights in the scale-pan of A until the string 
vibrates in unison with the fork, C-128. Note the total 
weight, including that of the scale-pan. Now place weights 
in the scale-pan of B until the total weight suspended from 
B is the same as that suspended from A. 

(2) Place a bridge under B and move it along until one 
segment of the string gives the octave above C-128. Meas- 
ure the length of A and the segment of B just mentioned. 

Law of Diameter, 

(1) Place weights in the scale-pan of C until the string vi- 
brates in unison with the fork, C-128. Note the total weight 
as directed in (1) above. Make the total weight suspended 
from B equal to the total weight suspended from C. 
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(2) Pluck i?, and note that its pitch is about an octave 
above C-128. If such is 7iot found to be the case, either 
the tensions are not equal or the diameter of C is not twice 
that of B. (If a well-made sonometer is used it may be 
assumed that the lengths are equal.) 

Law of Tension. , 

(1) Place weights in the scale-pan of A until the string 
vibrates in unison with the fork, C-128. 

(2) Place weights in the scale-pan of B until the pitch 
of the string is an octave above that of A. Note the total 
weights suspended by both strings. 

CALCULATiojfS AND Eesults. — Exprcss the laws of 
length, diameter, and tension in the form of proportions. 
Substitute proper numerical results in each proportion and 
verify. 

Combine the three proportions you have framed into a 
single proportion. 

Include in your report a brief discussion of the applica- 
tion of the laws of vibrating strings to such instruments as 
the piano, the violin, the harp, etc. 



EXEKCISE 72 
Vibration Ratios of the Diatonic liajor Scale 

Apparatus. — A sonometer provided with but one 
string. A zither or other instrument which may be used 
to give the successive tones of the scale under considera- 
tion. 

Preliminary Discussion. — In Exercise 71 it was 
shown that when the diameter and tension are constant, 
the vibration frequency of a string varies inversely as the 
length of the string. It follows that we can determine the 
vibration ratios by measuring the length of the strings 
which produce the notes of the scale without determining 
the vibration numbers themselves. • 
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Directions. — (1) Tune the zither, using C-128 as its 
lowest note. Tune one string of the sonometer to the note, 
0-128, given by the zither. Measure the length of this 
string. 

(2) Adjust the bridge under the string until the seg- 
ment is in unison with the note D of the zither. Measure 
the length of the segment as before. Proceed in a similar 
manner with E, F^ G, and so forth. 

Record data in the following form : 



Note. 


Length 
in cm. 


Ck>mputed vi- 
bration ratio. 


True ratio. 


Computed vi- 
bration number 


True vibrar 
tion number. 


C 




1 


(138) 


128 


D 












E 












F 












G 












A 












B 












C» 













Calculations. — Calling the lengths of the C and D 
strings L and Zi, and their vibration numbers N and JVj, 
respectively, we have, by Exercise 71, 



N 
But -zpr is the vibration ratio of C to D. 

Whence the vibration ratio of C to D is 



A 
Z* 



In the 



same manner, compute the vibration ratio of each note 
to C. 



CHAPTER VIII 
LIGHT 

EXERCISE 73 

Intensity of niiunination : Law of Invarse Sqnarea 

AppAEATua. — Three screens, A, B, and C, of different 

sizes, A being the smallest and Cthe largest. A candle. 

An optical bench, or, in absence of one, the candle and 



screens may be arranged on the vork-table, and distances 
measured with a meter-stick. 

Preliminary Dibcusbion.— The meaning of the law 
of inverse squares may be illustrated by taking the case of 
two equal areas, £! and F, situated at unequal distances 
from the same source of light, ^' being twice aa far there- 
from as £. Now, the light intensity on area F will, of 
course, be less than that on area K Furthermore, it may 
be shown, both experimentally and by geometry, that these 
intensities and the distances bear the following relation to 
each other : 



/:/,::<??:(?, 
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in which / and I^ are the light intensities on E and E^ re- 
spectively, and d and di are their distances, respectively, 
from the common light source. That is, at E^ which is 
only one half as far from the light as Fy the light intensity 
will be four times that at I\ 

Directions. — (1) Adjust the position of the candle un- 
til the center of its flame has the same height as the center 
of the screens. 

(2) Place the screen A about 10 cm. from the candle. 
Place screen B at such a distance behind A that it shall be 
exactly covered by the shadow cast by A. 

(3) Place C behind B at such a distance that the com- 
mon shadow cast by A and B shall exactly cover it. 

(4) Measure Z>, Z)i, and D^ the distances, respectively of 
-4, By and (7, from the candle flame. Measure the area of 
Ay By and (7, calling that of each a, ai, and c^ respectively. 

(5) Eepeat (1), (2), (3), and (4), placing ^ at a distance 
of 20 cm. from the candle. 

Calculations. — Let the intensity of light on ^, ^, 
and G be represented, respectively, by /, /j, and /2. Theii 

/i, the intensity of light on By will be — , since the light 

which falls on a unit of surface of A will, on the removal 
of Ay be distributed over a^ units of surface of B, Like- 
wise, the intensity /g, on (7, will be — . 

Compute /i and I^. Substitute in the equations which 
follow, and verify.* 

IlItllD^lB^y (1) 

IiI^iiDlxD'. (2) 

Queries. — What geometrical reason can be given for 
the law of inverse squares? Suppose a certain electric 
light, at a distance of 1 foot, to have an intensity equal to 
that of 2,000 candles at the same distance ; if the electric 

* In verifying (1) and (2), let / be represented by 1. 
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light were at a distance of 40 feet, the intensity of the light 
received from it would equal that of how many candles at 
a distance of 1 foot? 



EXERCISE 74 

Candle-power of a Gas-Jet and an Incandescent Electric 
Lamp by means of a Bunsen Photometer 

Apparatus. — A Bunsen photometer, consisting essen- 
tially of a screen having a translucent spot at or near its 
center. This screen may be mounted on an optical bench, 
or, in the absence of one, the table-top and a meter-stick 
may serve instead. A straight sperm candle cut into two 
equal parts. Lamps to be tested. 

Preliminary Discussiojf. — The light-giving power of 
illuminants is measured in terms of a unit known as the 
standard candle-power. (What is a standard candle ?) Do 
not fail to bear in mind that when we speak, for example, 
of a 16 c. p. lamp, we attach to the number 16 the follow- 
ing significance, and no more. A 16 c. p. lamp should give, 
at a stated distance, sixteen times as much light as a stand- 
ard candle gives at the same distance. 

Nearly all methods used in photometry are based upon 
the principle of inverse squares. The illuminant under 
measurement is usually placed at such a distance from a 
screen that the intensity of its illumination of the screen 
shall equal that of a standard candle. When these inten- 
sities are the same, it can be shown that the following 

equation is true : 

c *• C\ \\ (t I a \^ 

where c and c^ are the candle-powers, and d and di are the 
distances, respectively, of the standard candle and the 
given illuminant from the screen. 

The correctness of this equation will be apparent after 
a consideration of the following argument : Suppose a 
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standard candle to be placed 1 foot from a screen. Sap- 
pose, farther, that a gas-jet, placed 5 feet from the screen 
on the opposite side, illaminates the screen with an inten- 
sity eqaal to that of the standard candle. Now, by the law 
of inverse squares, if the gas-jet is located 1 foot from the 
screen, the intensity of its illamination of the screen will 
be 25 times what it was at a distance of 5 feet. Bat, by 
the definition of candle-power given above, its intensity of 
illamination at a distance of 5 feet from the screen was 
1 c. p. Hence, the actaal candle-power of the jet is 26. 

DiBECTioNS. — (1) Place the two half-candles close to- 
gether, side by side. Place the candles aboat 1 foot from 
the screen. The candles shoald be allowed to barn for 
several minates before the test is began. The proper con- 
dition of the candles is shown when the tips of the wicks 
carl over slightly and glow. Adjust the candles so that 
the plane of one carl shall be perpendicular to that of the 
other. 

(2) Now, move the screen to and fro to find a position 
such that the translucent spot shall be equally illuminated 
when viewed from either side. This, however, will only 
be the approximate position of the screen. To find the 
correct position, proceed as directed in (3). 

(3) Place the screen too far toward the right. Then 
move it gradually toward the left until both sides of the 
screen appear equally illuminated. Mark this position. 
Now place the screen too far toward the left, and then 
move it gradually toward the right until equal illumination 
of both sides of the screen is produced, as before. Mark 
the second position of the screen. A point half-way be- 
tween these two points will be the correct position of the 
screen. 

(4) Measure the distance, d, from the correct position 
of the screen to the candles, and c?,, that from the jet to 
the screen. 

(6) Repeat (2), (3), and (4). 
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(6) Repeat (2), (3), and (4), to test the candle-power of 
an incandescent electric lamp. 

(7) Repeat (6). 

Record data in a neat form. 

Calculations. — Compute mean values of d and di for 
each case. Substitute in the above equation and solve for 
the candle-power of each illuminant. (Assume the illu- 
minating power of the two half-candles to be 2 c. p.) 



EXERCISE 76 
Law of Reflection 

Apparatus. — A drawing-board. A plane mirror held 
in a vertical position. A 10-cm. protractor. A short rule 
or straight-edge. 




Fig. 70/ 



Directions. — (1) Draw a straight line, JfiV, on a sheet 
of paper to represent the reflecting surface of the mirror. 
Draw a line, A 5, in an oblique direction to MN^ B being 
the point of intersection of AB with MN'. 
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(2) Place the back edge of the mirror on the line MN, 
Place the straight-edge in such a position that, in sight- 
ing along its edge, the latter and the image of the line 
AB^ as seen in the mirror^ shall be in the same straight 
line. Without moving the straight-edge, draw the line 
BO in the same straight line with the image of AB, 

(3) From the point B let fall BH^ perpendicular to 
MN. Draw this perpendicular on the anterior side 
of MN. 

(4) Which, ABH or OBH^ is the angle of incidence? 
Measure the angles of incidence and reflection with the 
protractor. 

(5) Repeat (1), (2), (3), (4), several times, recording all 
data in a neat form. 



EXERCISE 76 

To determine by Construction the Oharacter of an Image 

formed by a Plane Mirror 

Apparatus. — A drawing-board. A large sheet of paper. 
A short rule. A protractor. Very short pins. 

Preliminary Discussion. — The image of any object 
consists of an indefinite number of minute, overlapping 
images. Therefore, in determining the character of an 
image by construction^ we must confine ourselves to a few 
limiting points. 

In order to make the case as general as possible, let it 
be required to construct the image of three points in a 
regularly curved line whose extremities are situated at un- 
equal distances from the mirror. 

The construction of this image should establish four 
principles with respect to the image of a given point : 

(1) Plane mirrors form virtual images only. 

(2) The image of the point is in the line of light which 
enters the eye. 
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(3) The image of the point appears as far behind the 
mirror as the point is in front of it. 

(4) A straight line drawn from the image to the point 
is perpendicular to the mirror. 

Since the image of any object is merely an assemblage 
of images, the foregoing principles apply to the image of 
an object as well. 

Directions. — (1) Draw MN to represent the reflecting 
surface of the mirror. At a short distance in front of MN 
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draw a regularly curved line, ABC^ whose image is to be 
constructed. Locate B at the middle point of the curve, 
and the extremities of the curve at unequal distances from 
MN. Stick a pin at A. At a distance of at least 10 cm. 
in front of MN locate three widely separated positions of 
the eye, E^ B^ and Bz, lettered in this order from left to 
right. Stick pins at B^ E^^ and E^. 

(2) Now place the edge of the reflecting surface of the 
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mirror on the line MX. Support the mirror firmly in a 
vertical position. 

(3) Place one edge of the rule so that it shall have the 
direction of a straight line joining E and ^i, the image of 
A as seen in the mirror, and draw a straight line from E 
to tlie mirror. In the same manner, locate and draw 
straight lines from Ei and E^ respectively, toward J|. 
These three lines will intersect MX at different points. 
Call these points JP, JF\, and JP, respectively, lettered from 
left to right. Remove the mirror temporarily, and draw 
the dotted lines AFy AFi^ and AF^, Replace the mirror. 
See that it occupies the precise position it did before. 
Now, looking into the mirror, the student will observe 
that the images of AF^ AFi^ and AF^ appear to be the 
respective continuations of the straight lines EF^ EiF^^ 
and E^F^ intersecting behind the mirror at the common 
point .-li, 

(4) Proceeding as directed in (3), locate and draw 
straight lines toward ^„ the image of B^ from E^ E^^ and 
E^ respectively, to the mirror.* 

(5) In the same mauner locate and draw straight lines 
toward Ci^ the image of (\ from E^ Eiy and E^ respectively, 
to the mirror. 

(6) Remove the mirror and produce the lines, drawn as 
directed in (4), to their intersection at ^i, back of MX. 

(7) Produce the lines referred to in (5) to their inter- 
section at (\. 

(8) Connect the points Ai^ B^^ Ci with a smooth curve. 
The line thus found is the image of the line ABC, 

(9) At the points F, /\, F^ erect perpendiculars to, 
and in front of, MX. Letter these perpendicnlasups JPG, 
FiGi^ and F^G^ respectively. 

(10) From the point A drop a perpendicular to MX 

* Befon) priKHJOtling with thi$ oporatiou, re move the pin from A to 
B. It is couf using to have more than one pin at a time near the 
mirror. 
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and produce it to A^. Let L be the point of intersection 
of A At with MJSr. 

(1) Measure the angles of incidence and reflection for 
each of the three rays which originate at A. 

Results and Conclusions. — Include in your report 
an extended discussion of how the work of this exercise 
verifies each of the principles laid down in the preliminary 
discussion. 

Prove, by geometry, that ^^i is perpendicular to MN" 
at L and that AL= AiL. Explain facial inversion of the 
image. 

Name, by letters, the three incident rays which origi- 
nate at A. Name, by letters, the three reflected rays which 
determine the position of the image of A. Name, by let- 
ters, the angles of incidence and reflection formed by the 
three rays which originate at A. 

EXERCISE 77 

To determine by (Construction the Character of an Image 
formed by a Concave Cylindrical Mirror 

Apparatus. — A drawing-board. A large sheet of paper. 
A short rule. A concave cylindrical mirror.* A concave 
spherical mirror. Short pins. 

Preliminary Discussion. — The importance which at- 
taches to a thorough understanding of cylindrical mirrors 
lies in the fact that, in a theoretical way, the spherical 
mirror may be developed from the cylindrical mirror. Be- 
fore attempting this exercise the student should have cor- 
rect notions touching the following points : 

1. How does a concave cylindrical mirror differ from a 
concave spherical mirror? 



* It is not necessary to provide expensive mirrors for this and the 
following exercise. Pieces of cylindrical mirrors, cut to the size 4x6 
inches, can be procured at small cost of makers of mirrors. 



166 



ELEMENTARY PHYSICS 



3. How may the concaye spherical -mirror be developed, 
geometrically, from the concave cylindrical mirror ? 

3. How do images of the same object formed by cylin- 
drical and spherical mirrors differ from each other? 

The student will discover as he proceeds that the meth- 
od of the exercise is to construct that portion of the whole 
image of a given object which is produced by a horizontal 
section of the mirror. 




Directions. — (1) Place the mirror in the middle of 
the sheet of paper and so that its plane aspect shall be in 
the vertical. Draw a line, if A", having the curvature of the 
mirror. Support the mirror firmly in a vertical position, 
with the lower edge of its reflecting surface on this line. At 
a short distance in front of MN draw an arc of a circle of 
small radius. Letter this arc ABC^ as in Exercise 76. (The 
extremities of this arc should be at unequal distances from 
MX, See Preliminary, Exercise 76.) Stick a pin at A, 

(2) Locate three positions of the eye, E^ J^„ and E^ as 
directed in Exercise 76, and let the images of the points A^ 
B and Cbe known as .4i, B^y and Cj, respectively. Stick 
pins at Ey E^^ and JS^. 
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(3) Proceed as directed in (3), (4), and (5) of Exercise 
76 to locate A^y B^^ and Ci, the images, respectively, of -4, 
B^ and C. At the point F erect a perpendicular to the 
mirror, FO. 

(4) Trace the curve of the mirror on another sheet of 
paper. Determine the distance from the vertex to the 
center of curvature of the mirror by erecting perpendiculars 
to the curve at two points. The point of intersection of 
these perpendiculars is the center of curvature. Locate 
the principal focus. 

(5) Hold a pencil in a vertical position beyond the cen- 
ter of curvature, between the center of curvature and the 
principal focus, and between the principal focus and the 
vertex. Observe, in each position, th?e character of the 
image as to (1) size, (2) position (erect or inverted), (3) lo- 
cation, (4) lateral and vertical dimensions as compared with 
those of the object, and (5) kind (whether real or virtual). 
Observe the character of these images both in the vertical 
and in the horizontal. 

Results and Conclusions. — Include in your report a 
tabulated statement which shall define the character of an 
image formed by a concave cylindrical mirror, covering the 
points mentioned in (5). Fasten in your note-book the 
sheet of paper on which the construction called for in the 
exercise was made. 

Describe the path of the light ray which came from A 
to the eye, in each of the three positions, E^ -fi'i, and E^* 
Name, by letters, the incident rays which originate at A 
and the reflected rays to which they give rise. Name, by 
letters, the angles of incidence and reflection for the case 
of incident ray A F, 

If a concave cylindrical mirror is held so as to be plane 
in the vertical and an object is located between the princi- 
pal focus and the vertex of the mirror, the image will ap- 
pear to be short and very thick. If the mirror is held so 
as to be plane in the horizontal, and the object remains in 
12 
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the same position, the image will appear to be yery long 
and slender. Explain fully how these effects are produced. 

Under the first of the two conditions just giyen, how 
does the size of the image, in the vertical^ compare with 
that of the object in the yertical ? 

Under the second condition, how does the size of the 
image, in the horizontal^ compare with the size of the object 
in the horizontal ? Explain fully. 



EXERCISE 78 

To determine by Conatruction the Character of an Image 
formed by a Convex Cylindrical Kirror 

Apparatus. — The same as that for Exercise 77, except 
that a convex mirror is substituted for the concave mirror. 

Directions. — (1) Proceed precisely as directed in (1), 
(2), and (3) of Exercise 77. 

(2) Hold a pencil in a vertical position at different dis- 
tances from the mirror, l^ote whether there is any distor- 
tion of the image, as was the case in the preceding exercise. 
Compare the size of the image when the object is near the 
mirror with the size of the image when the object is farther 
away from the mirror. 

(3) Discover whether there are any critical positions of 
the object— i. e., positions so located that if the object be 
removed beyond them, or placed between them and the 
mirror, the character of the image, with respect to whether 
it is real or virtual, erect or inverted, etc., will change in 
the manner observed in the performance of Exercise 77. 

Conclusions. — Include in your report a full discussion 
of the character of the image formed by a convex cylindri- 
cal mirror. Cover, in full, the points indicated in Besults 
and Conclusions of Exercise 77, in so far as they are appli- 
cable to this exercise. 
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QuEBiES. — Suppose the mirror you used had the same 
degree of curvature in all its sections that it now has in the 
section which is perpendicular to the plane aspect of the 
mirror, what sort of a mirror would it then be ? 

What effect does distance have upon the image formed 
by a convex cylindrical mirror? Give reasons for your 
answer which are based upon the laws of light. 



EXERCISE 79 

A Study of the Character of Imagres produced by Concave 

and Convex Spherical Mirrors 

Apparatus. — Two spherical mirrors of small aperture, 
one concave and the other convex. A screen. A candle. 

Directions. — (1) Place the lighted candle in each of 
the objective positions specified below. Focus the image 
of the flame on the screen. Observe the character of the 
image when the object (the candle) is in each of the fol- 
lowing positions : 

1. Beyond the center of curvature. 

2. At the center of curvature. 

3. Between the center of curvature and the principal 
focus. 

4. At the principal focus. 

6. Between the principal focus and the vertex. 

(2) Place the lighted candle at different distances from 
the convex mirror. Discover whether there are any critical 
positions for this mirror. Observe the character of the 
image for different positions. 

Eecord observations in a tabular form. 

Eesults. — The tabular summary should include the 
principal points in the exercise as defined in direction (5) 
of Exercise 77. 

What would be the effect upon the image if the mirror 
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were rotated upon its principal axis? Qive reasons for 
your answer. 

Explain why convex mirrors always prodace redaced 
images. 

EXERCISE 80 

Focal Length and Law of a Convex Lena for the Case of a 

Seal Imag^ 

Apparatus. — An optical bench. A convex lens. An 
opaque screen to be known as Ko. 1. Another opaque 
screen having fine cross-wires stretched across an opening 

in the screen. Call 
the latter screen 
No. 2. 

Preliminary 

Discussion. — The 

focal length of a 

lens is the distance 

Yi^ 78 from the optical 

center of the lens 
to its principal focus. Letting / be the principal focal 
length of a given convex lens, and Pand jobe the distances, 
respectively, of the object and image from the optical 
center, the relation which exists among /, P, and p is 
expressed by the equation 




f p ' p 

Part A.— To determine the fooal length of the lens. 

Directions. — (1) Place the bench in such a position 
that it shall point through an open window toward a dis- 
tant object, or (which will answer fairly well) toward an 
incandescent lamp placed at the farther end of the room. 

(2) Move the screen back and forth until the image of 
the object used is sharply focused upon the screen. Meas- 
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nre/, the distance from the screen to the optical center of 
the lens.* 

Past B.— To prove the law of the convex lens. 

(1) Place screen No. 2 at one end of the optical bench. 
Just back of this screen place a lighted candle. Place 
screen No. 1 at the other end of the bench. Place the lens 
between the two screens. 

(2) Now move the lens back and forth until a sharp 
image of the cross-wires is focused upon screen No. 1. 
Measure the distance P, from the cross-wires to the optical 
center of the lens, andjt?, the distance of screen No. 1, from 
the optical center. 

(3) Place screen No. 2 in other positions, and repeat (1) 
and (2). 

Becord data in a neat form. 

Calculations. — Substitute in the equation given 
above, and verify. 

Queries. — What is meant by the expressions : A lens of 
long focal length ? A lens of short focal length ? A two- 
inch lens ? 

EXERCISE 81 
Magrnifjringr Power of a Single Convex Lens 

Apparatus. — An optical bench. A convex lens. A 
screen ruled to millimeters. A transparent screen on 
which is ruled a short horizontal line to be used as the 
object. 

Preliminary Discussion. — The simplest case of mag- 
nification is that produced by a single convex lens. When 
an object is viewed through such a lens, the lens becomes 
a magnifying-glass, or a simple microscope, as it is some- 
times called. (Where must the object be placed with 

* For a definition of the optical center, consult a text-book on gen- 
eral physics or a treatise on light. 
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respect to the lens in order that a convex iens may be 
used as a magnifier?) Galling a given diameter of an 
object AB, and that of the corresponding diameter of the 
image A^B^^ the magnifying power of a lens is given by 
the eqaation, 

M=^f. (1) 

The same result may be reached in a different manner. 
The apparent size of an object is determined by the ratio 
of the visual angle subtended by the object to that of the 
visual angle subtended by the image ; or, 

^__ Visual angle of image _ Z* . . 

~" Visual angle of object ~ /.o ^ ' 

But it may be shown that, for small angles, Z % is propor- 
tional to the distance of the image from the eye, and Z o 
to the distance of the object from the eye. Now, in order 
to have easy and distinct vision, a normal eye views the 
object at a distance of about 25 cm., this quantity being 
known as the least distance of distinct vision^ d. When a 
magnifying-glass is used, it is assumed that the relative 
positions of object and lens are adjusted so as to cause the 
image to subtend the same angle that an object of the same 
size would subtend at the least distance of distinct vision. 
Hence, A^B^ is proportional to df, or to 25 cm. 

Finally, it may be shown that in such cases the object 
is placed quite close to the principal focus of the lens. 
The visual angle of the object at this distance is propor- 
tional to the principal focal length, for the reason already 
given. Hence, AB is proportional to the focal length,/. 

That is, 

^i^t d 



AB "/• 



(3) 



Whence, M=j. (4) 
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Directions. — (1) Place the millimeter screen at the 
least distance of distinct vision from the anterior surface 
of the lens (the eye is supposed to be quite close to the 
lens). Place the transparent screen near the principal 
focus of the lens. 

(2) Now, looking through the lens at the mark with 
one eye, and at the millimeter screen with the other, move 
the object, i. e. the transparent screen, back and forth until 
a clear image is seen against the millimeter screen as a 
background. Adjust the position of the transparent 
screen laterally until the left-hand end of the mark coin- 
cides with a numbered vertical line on the millimeter 
screen. 

(3) Observe carefully the millimeter mark to which the 
image appears to extend toward the right hand. From 
these two observations determine the apparent length, 
AiBi, of the image. Count the number of scale divisions 
over which the object actually extends. This length 
IB AB. 

(4) Repeat (2) and (3) several times. 

(5) Determine the principal focal length of the lens as 
directed in (1) and (2) of Exercise 80. Calculate mean 
values of AB and A^Bi. 

Calculations. — Substitute in equations (1) and (4) 
and solve for M. Compare results. 

Queries. — Which expression is to be preferred, a mag- 
nification of 25 times^ or, a magnification of 25 diameters ? 
Give reasons for your answer. Give the meaning of each 
expression. 

As a matter of fact, does the image of a certain small 
object, as seen through a magnifying-glass, cover more of 
the retina than when seen unaided by a glass ? If such is 
actually the fact, positive magnification must always be at 
the expense of what ? 
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EXERCISE 82 

A Study of a Combination of Two Convex Lenses and a 
Determination of the Mag^nifying Power of a Simple 
Refracting Telescope 

Appabatus. — An optical bench. . Two convex lenses, 

one of long and the other of short focal length. The two 

screens ased in Exercise 80. A candle. 

Part A. — Study of a combination of two convex lensea 
Preliminary Discussion. — The two lenses specified 

above may be so placed with respect to each other as to 

produce : 

(1) A real image — the lenses as used to produce this 
effect constituting no optical instrument of value. 

(2) A virtual image — the lenses as used to produce this 
effect constituting a simple telescope or microscope, de- 
pending upon the position which each occupies with refer- 
ence to the other, and upon their comparative focal lengths. 

Directions.— (1) Place a lighted candle behind the 
illuminated cross-wires which serve as an object. Place 
both lenses on the bench, the one of greater focal length 
nearer the object, so that the distance between their optical 
centers shall be slightly more than the sum of their focal 
lengths. 

(2) Place the other screen on the bench behind the lens 
of shorter focal length, and move the screen back and forth 
until a sharp image of the cross-wires is focused upon it. 
(What kind of an image is this ?) 

(3) Without disturbing the apparatus in any way, hold 
a piece of cardboard between the two lenses in the proper 
position to catch thereon a sharp image of the cross-wires. 
(Bear in mind that the image is there, whether or not the 
screen is in place to receive it.) Compare the character of 
this image with that of the image formed by both lenses. 

(4) Without disturbing the cross-wires or the other 



LIGHT 175 

screen, moye the eye-lens toward the object-lens until their 
distance apart is slightly less than the snm of their focal 
lengths. 

(5) Determine whether it is now possible to catch an 
image of the cross-wires on the back screen. Point the 
bench toward a lighted lamp situated ten or fifteen meters 
away. Determine whether it is possible to catch an image 
of the lamp on the back screen. 

(6) With the eye close to the eye-lens, look through this 
improvised telescope at a lighted lamp placed at the farther 
end of the room. Move the eye-lens back and forth to se- 
cure a perfect focus of the image on the retina. Note the 
apparent position of the image as now seen in order to be 
able to answer as to the character of this image. Compare 
the size of this apparent image with that of the real image 
of the lamp produced by the object-lens and eye-lens. 

Conclusions. — Include in your report on Part A a sum- 
mary of the more important facts and deductions to which 
this part of the exercise leads. 

Part B. — To determine the magnifying power of the 
combination used as a telescope. 

Preliminary Discussion. — A general and simple equa- 
tion for the magnifying power of a refracting telescope may 
have the form of equation (1) of Exercise 81 ; or, 

^ AB ' ^ ^ 

In this exercise, as was the case in Exercise 81, it is de- 
sirable to deduce an equation easier of application than the 
one given in (1). 

In doing this it should be borne in mind that both lenses 
produce magnification. The character of these magnifica- 
tions, and their combined effect, may be made clearer by 
the following : 

Consider, first, the real image produced by the object- 
lens. Viewed from the optical center of the object-lens, 
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this image and the object will appear to have the same size. 
(Why ?) If, however, the position of the eye be changed so 
that the distance, dj from it to the image is the least dis- 
tance of distinct visio7i, or 25 cm., the apparent size of the 
image will be considerably increased, while the apparent 
size of the object will not be materially decreased, since the 
apparent distance of the object, represented by the focal 
distance, F^ remains anchanged. 

Bemembering that (when the angles are comparatively 
small) the visual angle varies inversely as the distance, it 

follows that 

Z i ^F_F 

Consequently, the magnifying power of the object-lens 

F 

is — . (Compare this statement with equation (4) of Exer- 

/wO 

cise 81.) 

Now, the real image produced by the object-lens is 
viewed at a distance from the eye-lens a trifle less than the 
focal length of the latter. The eye-lens, therefore, be- 
comes a magnifying-glass which acts upon the real image. 
That is, we are now dealing with a magnification of a mag- 
nification. But as the magnifying power, 3/, of a simple 

25 
microscope has already been shown to be -tt, it follows that 

the combined magnification produced by both lenses is 
given by the equation, 

Whence, if =^. (2) 

Directions. — (1) Measure the focal length, JP, of the 
object-lens, and/, that of the eye-lens. 

(2) Point the optical bench toward an illuminated 
screen located at the farther end of the laboratory. 
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Against this screen, as a background, is placed a lighted 
incandescent electric lamp. Place the lenses on the bench, 
the object-lens nearer the lamp, so that the distance 
between them shall be a trifle less than the sum of their 
focal lengths. Place a scale close to the lamp, in a vertical 
position. 

(3) Focus this improvised telescope upon the lamp. 
Now, with one eye looking through the telescope, while the 
other is looking directly at the screen, do two things : (1) 
Count the number of scale divisions over which the image 
of the lamp appears to extend. (Or, a fellow student may 
locate two points on the scale, the upper one on a level 
with the upper end of the filament of the lamp, and the 
lower one on a level with the lower end of the filament. 
The distance between these points will be the apparent 
size of the image.) Call this apparent length A^B^. (2) 
Count the divisions of the scale over which the filament 
actually extends. Call this length AB, 

Calculations. — Substitute in equations (1) and (2) 
and solve for M, Compare results. 

Queries. — Magnification is produced at the expense of 
what ? Why is an objective of large diameter a desirable 
thing in the case of a telescope? (In compound micro- 
scopes the great loss of light occasioned by the small objec- 
tives which must be used to obtain high powers is com- 
pensated for by condensers that fiood the object with 
light.) 

EXERCISE 83 
The Bef^cting Angle of a Prism 

Apparatus. — A drawing-board. A large sheet of 
paper. A prism. A protractor. A short rule. 

Preliminary Definition. — The refracting angle of a 
prism is the angle opposite the side around which a ray of 
light is bent in passing through a prism. 
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Directions. — (1) Fasten the sheet of paper to the 
drawing-board with thnmb-tacks. Draw two parallel lines^ 

EF and GH^ about a centimeter 
apart, from the middle of the sheet 
nearly to its margin. Stick two pins 
in each line in a vertical position. 
Place the prism with the refracting 
angle .-1 between the lines. Call the 
base angles of the prism B and C. 

(2) Place the rule in such a posi- 
tion at an oblique angle to the side 
of the prism, A 6\ that one edge shall 
be directly in line with the reflected 
ray which is produced by the inci- 
dent ray, GH (or, what amounts to 
the same thing, in line with the 
images of the pins). Draw a line 
HL to represent the reflected ray. 

(3) In the same manner, locate 
and draw FK^ the reflected ray from 
the side of the prism, AB. 

(4) Produce FK and HL until 
they intersect at the point within 
the angle BA C. Measure the angle 
KOL with a protractor. 

(5) Repeat (1), (2), (3), and (4) several times. 

Calculations. — Compute the mean value of the angle 
KOL, This method of determining the refracting angle 
A depends upon the simple geometrical proposition. 




Fio. 74. 



z^^c=z 



KOL 

2 ' 



Include a demonstration of this proposition in your 
report. 
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EXERCISE 84 

Determination of the Index of Refraction by the Method of 

MiTiiTniim Deviation 

Appabatus. — A glass prism whose refracting angle is 
known. A drawing-board. A large sheet of paper. A 
protractor. 

Pbeliminary Discussion. — Let ABC represent a sec- 
tion of the prism parallel to its base, A being the refracting 
angle. Let a ray of 
light from the point 8 
be incident upon AB 
at E, Let the ray 
emerge from the prism 
at F in the side AG 
and thereafter have the 
direction FH. Let OE Fio. 76. 

be perpendicular to 

AB a,t the point Ey and KFhe perpendicular to ^C7at the 
point F. Produce SE and FH to their intersection at d^ 
and GE and KF to their intersection at 0. Let D be the 
exterior angle opposite to the angles dEF and dFE. As- 
sume the refracted ray, EF, to be parallel to BG, 

Stated in its simplest form, the index of refraction, /, 
is given by the equation, 

j._ sine of angle of incidence _ sin Z GE8 . . 
"" sine of angle of refraction ~" sin Z FED' 

In actual practice the angles of incidence and refraction 
are not measured directly. Instead, the index is deter- 
mined from the refracting angle (already measured) and 
from the angle of minimum deviation, D. (For methods 
of measuring this angle, consult the authorities cited 
below.) * 

* Loudon & McLennon, p. 54. Glazebrook's Heat and Light, p. 58, 
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Now, when the index is measured by the method of 
minimum deyiation, it may be shown that 

"Z FEO ~ i Z ^ * ^ ' 

Bat, / = ^1^4111. (3) 

sm Z. FEO ^ ' 

Whence, / = "°M^+^l (4) 

Directions. — (1) Fasten a large sheet of paper to the 
drawing-board. Draw a straight line, SE^ to represent an 
incident ray from a point in the lower part of the left-hand 
margin to a point near the center of the sheet of paper. 
Place the prism on the paper so that SE shall intersect the 
side, A B^ at an oblique angle. Now, with the eye at J7, a 
point having about the same angular position relative to 
AC 9A S has with respect to AB^ the incident ray, 8E^ will 
appear to have the direction of FH^ produced. With the 
eye still at H^ rotate the prism through a small angle about 
its vertical axis. This will cause the apparent incident 
ray to change its position somewhat. Find a position of 
the prism such that a small rotation of it will not cause 
the apparent incident ray to change position. This posi- 
tion will produce a minimum deviation of the ray in pass- 
ing through the prism. 

(2) Being very careful not to disturb the prism in the 
least, draw the emergent ray, FH^ as nearly as possible in 
line with the image of the incident ray, 8E. Trace the 
sides of the prism with a sharp pencil. 

(3) Remove the prism and complete the figure as shown 
above. Measure Z>, the angle of minimum deviation, with 
great care. Also measure the angle of incidence, GESy 
and the angle of refraction, FEO. 

Calculations. — Find the sines of these angles in a 
table of sines. Substitute in equation (1) and solve for /. 
Substitute in equation (4) and solve for /. Compare results. 



APPENDIX 

Metric Units and Equivalents 

Uis^iTS. — The units which are used most in physics are 
the meter, the kilogram, and, occasionally, the liter, with 
their multiples and submultiples. The metric system is 
easy in the extreme if one but remembers the meaning of 
the prefixes employed. The principal ones follow : 

Milli, meaning .001 of the unit. 
Centi, " .01 " 

Deci, " .1 « 

(The unit.) 

Deka, meaning 10 of the unit. 
Hekta, " 100 " 

Kilo, " 1000 " 

Equivalents. — Except in rare cases^ the following 
equivalents will be sufficient for all necessary conversions 
from English to metric, or from metric to English, units : 

Length 

1 m. = 39.37 in. 
1 cm. = 0.3937 in. 
1 in. = 2.54 cm. 

. Volume 
1 = 1,000 cc. = 1.0567 qts. 

Weight 

1 kg. = 1,000 g. = 2.2046 lbs. 

lib. = 453.59 g. 

181 
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Mtscellaneatis 

1 cc. of pure water at 4** C. weighs 1 g. 

1 cu. ft. of pure water at 4"" G. weighs 62.425 lbs. 

1 eu. ft. of pure water at 16°.66 C. weighs 62.231 lbs. 

1 cu. ft. of pure air at 0° C, pressure 76 cm. mercury, weighs 

0.080728 lb. 
1 cu. ft. of pure hydrogen, same temperature and pressure, 

weighs .00694 lb. 
1 cc. of pure dry air, same temperature and pressure, weighs 

.0012932 g. 
1 cc. of pure hydrogen, same temperature and pressure, 

weighs .0000896 g. 

Numbers and Formulm frequently Used 

IT = 3.14169. ir« = 9.8696. - = 0.3183. i/^= 1.7724. 

Circumference of a circle (r = radius) = 2irr. 
Area of a circle = nr*. 

Surface of a sphere = 4irr*. 

Volume of a sphere = ^nr*. 

Volume of a right cylinder = «r*A. 





Reductions 


Meters 


X 3.2809 = feet. 


Feet 


X 0.3048 = meters. 


Cu. in. 


X 16.386 = ccm. 


Cc. 


X 0.06103 = cu. in. 



Oz. avoir. X 28.36 = grams. 

Lbs. X 453.593 = grams. 

Kg. X 2.2046 = lbs. avoir. 

In. X 2.54 = cm. 

Cm. X 0.3937 =in. 
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Table I 

Tenctcity of Solids 

(Tenacity in dynes per sq. cm.) 

Multiply by 10* 

Aluminum 2.0 

Brass (cast) 1.2 

(hard drawn) 4.-9. 

Copper (cast) 1.3 

(hard drawn) 3.-6. 

Germansilver 3.0 

Glass 3-.6 

Iron (gray cast) 1 • (?) 

(wrought) 4.-7. 

Lead (pressed) 0.2 

Platinum 3.0 

Steel (cast) 8.-10. 

(tempered) 7.0 

(wire) 10.-20. 

Wood 8-.1 

Zinc 5-1.5 



Table II 

Yotmg's Modulus of Elasticity 
Brass (wire) 1 .0 x 10 dynes. 

—18 

Copper (wire) 1 . 2 x 10 dynes. 

—18 

Iron (wrought) 1 .9 x 10 dynes. 

Steel (wire) 2.8 x 10 dynes. 

13 
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Tablb III 
Local Vaiues of AccelercUion due to Gravity 



Locality. 



Boston, Mass 

Philadelphia, Pa.... 
Washington, D. C. . . 

Cleveland, Ohio 

Cincinnati, Ohio 

Chicago, 111 

St. Louis, Mo 

Kansas City, Mo 

Denver, Col 

San Francisco, Cal. . . 
Greenwich, England. 

Paris 

Berlin 

Vienna 

Rome 

Hammerfest 

Latitude 45" 

Equator , 

Pole 



Latitude. 


Eleration. 


Value of G. 


42" 21' 


22 meters. 


980.882 cm. 


39 57 


16 




980.182 *• 


88 58 


10 




980.100 " 


41 80 


210 




980.227 *' 


89 08 


245 




979.990 " 


41 47 
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980.264 " 


88 88 


154 




979.987 " 


89 05 


278 




979.976 " 


89 40 


1,688 




979.595 " 


87 47 


114 




979.951 " 


51 29 


47 




981.170 " 


48 50 


72 




980.960 <* 


52 80 


85 




981.240 " 


48 12 


150 




980.852 " 


41 58 


58 




980.812 " 


70 40 


Sea-level. 


982.580 " 


45 00 


<< 




980.61 " 


00 00 


<< 




978.10 " 


90 00 


(( 




988.11 " 



Table IV 

Specific Gravity of Solids 



Aluminum 2.7 

Brass (cast) 8.8 

(hard-drawn) 8.5 

Bronze 8.8 

Coal (anthracite) 1 . 26-1 . 8 

(bit uminous) 1 . 27-1 . 4 

Copper (cast) 8.8 

(hard-drawn) 8.8 

Cork 0.2 

Diamond 8.5 

German silver 8.5 

Glass (crown) 2.5 

(flint) 8.5 

Gold (75 per cent) 15.0 



Gold (pure) 19.8 

Human body 0.89-1 .07 

Ice 0.92 

Iron (gray cast) 7.5 

(wrought) 7.8 

Lead (pressed) 11 .3 

Platinum 21.5 

Silver (pure) 10. 5 

Steel (cast) 7.8 

(wire) 7.9 

Tin 7.3 

Wood 4-. 7 

Zinc 7.0 
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Table V 

Specific Chravity of Liquids 

Acetic acid at 15" C 1 .05 

Alcohol (ethyl) *' " 0.79 

(amyl) '' '* 0.81 

Benzine " '* 0.89 

Carbon disulphide *' " 1 .27 

Ether '' '* 0.72 

Glycerine " " 1.26 

Hydrochloric acid " " 1.22 

Kerosene " " 0.78-0.84 

Mercury " 0" 13.596 

Milk (cow's) " *' 1 .032 

Nitric acid "15" 1.52 

Linseed-oil " " 0.94 

Turpentine '* " 0.87 

Sulphuric acid " " 1.84 

Vinegar ** " 1.026 

Water (sea) " 0" 1.027 

*' (pure) " " 0.999 

Table VI 

Specific Gravity of Oases 

(Referred to air at 0** C. and 760 mm.) 

Air 1.000 

Ammonia 0. 5967 

Carbon dioxide 1 . 524 

Coal-gas 0.34-0.65 

Hydrogen 0.0692 

Nitrogen 0.970 

Oxygen 1 . 105 



186 



ELfiMBNTART PHYSICS 



Table VII 

Density of Water a/ Different Temperatures 



Temperature. Density. 

0"C 0.d9ft884 

1 0.989941 

2 0.999983 

8 1.000004 

4 1.000013 

5 1.000003 

6 0.999983 

7 0.999946 

8 0.999899 

9 0.999887 

10 0.999760 

11 0.999668 

12 0.999563 

18 0.999448 

14 0.999812 

15 0.999178 

16 0.999015 

17 0.998854 

18 0.998667 

19 0.998473 

20 0.998272 

21 0.998050 

22 0.997889 



Temperature. Density. 

28" C 0.997610 

24 0.997880 

25 0.997125 

26 0.996879 

27 0.996609 

28 0.996344 

29 0.996052 

80 0.995778 

OO ........ .... U. W41V 

40 0.99286 

45 0.99088 

50 0.98821 

55 0.98588 

60 0.98889 

65 0.98075 

70 0.97795 

75 0.97499 

80 0.97195 

85 0.96880 

90 0.96557 

95 0.96202 

100 0.95866 



Table VIII 

Coefficients of Expansion of Solids * 



Linear. 



Aluminum 0.000028 

Brass 0.0000185 

Copper I 0. 000017 

German silver i 0.000018 

Glass I 0.0000087 

Gold ' 0.000014 

Iron 0.000012 

Lead ' 0.000029 

Platinum j 0.000009 

Silver I 0.000019 

Steel O.OlXmO 

Tin , 0.000028 



Wood (with the grain). 
Zinc 



0.000005 
0.000025 



CuUcaL 



0.000071 
0.000055 
0.000052 
0.000056 
0.000025 
0.000047 
0.000088 
0.000086 
0.000027 
0.000060 
0.000082 
0.000065 
0.000016 
0.000088 



♦ Average values of the range of 0° to 100** C. 
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Table IX 

Coefficients of £a>pan8ion of Liquids 

Alcohol (0'' to 50° C.) 0.0011 

Benzine 0.0014 

Carbon disulphide 0.0015 

Glycerine : 0.00053 

Mercury (O** to 100** C.) 0.00018 

Turpentine 0.0011 

Water (at 15° C.) 0.00012 

Table X 

Coefficients of Ea^ansion of Oases 

(Between 0° and 100° C.) 

All true gases about 0.00866 

Table XI 

Melting Points 

«c. 

Aluminum 850 

Antimony 480 

Bismuth 260-270 

Brass 1015-1080 

Copper 1050-1100 

Fusible metal (Rose's) * 94 

Glass 1100 

Iron 1200-1800 

Lead 325 

Mercury 39 

Paraffine 54 

Platinum 1750-1780 

Tin 225-280 

Zinc 400-420 

* Four parts of bismuth, one of lead, and one of tin. 
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Tablb XII 
Boiling-points 

(Pressure 760 mm.) 

Alcohol 77.9** C. 

Ether 84.9 

Meroury 850.0 

Water (distilled) 100.0 

(saturated with common salt) 102.0 

(saturated with calcium chloride) 179.0 

Table XIII 

Specific Heaia of Solids 

Aluminum O.SISB** C. 

Brass 0.0989 

Copper 0.0950 

Glass 0.198 

Ice 0.504 

Iron 0.1124 

Lead '. 0.0814 

Steel 0.118 

Zinc 0.0985 

Table XIV 

Specific Heats of Liquids 

Alcohol (at 0" C.) 0.5475 

Ether (at 0** C.) 0.5468 

Meroury (at 80** C.) 0.0888 

Water 1.0000 

Table XV 

Latent Heats of Fusion 

Copper (cast) 80.0 gram calories. 

Ice 79.25 

Iron (gray cast) 28-25.0 

(white cast) 88-34.0 

Lead 5.85- 6.0 

Zinc 28.0 + 



<< 
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Table XVI 

Latent Meats of Vaporization 

Alcohol 202.4 gram calories at 77.9° C. 

.Mercury 62.0 " *' " 350. 0** C. 

Water 536.5 " " '* 100.0° C. 

Water 464.8 '' '' " 200.0° C. 



Table XVII 

Size a/nd Resistance of Pure Copper Wire, American Gauge 

{B.i&S.)* 



• 


DiAM. 

in mm. 


Resistance in Ohms 


No. 
21 


DiAM. 

in mm. 


Resistance in Ohms 


No. 


1000 feet. 


per 
1000 m. 


per 
1000 feet. 


lOOOm. 


1 


7.348 


.129 


.423 


.723 


13.323 


43.699 


2 


6.544 


.163 


.534 


22 


.644 


16.799 


55.090 


3 


5.827 


.205 


.672 


23 


.573 


21 . 185 


69.486 


4 


5.189 


.259 


.849 


24 


.511 


26.718 


87.618 


5 


4.621 


.326 


1.059 


25 


.455 


38.684 


110.483 


6 


4.115 


.411 


1.348 


26 


.405 


42.477 


141.324 


7 


8.665 


.519 


1.702 


27 


.361 


53.568 


175.886 


8 


8.265 


.654 


2.145 


28 


.321 


67.542 


221.587 


9 


2.907 


.824 


2.702 


29 


.286 


85.170 


279.357 


10 


2.588 


1.040 


3.411 


30 


.255 


107.891 


352.242 


11 


2.305 


1.311 


4.300 


31 


.227 


185.402 


444.118 


12 


2.053 


1.653 


5.421 


82 


.202 


170.765 


540.109 


13 


1.828 


2.084 


6.885 


83 


.180 


215.812 


706.228 


14 


1.628 


2.628 


8.619 


34 


.160 


271.588 


890.822 


15 


1.450 


8.314 


10.962 


35 


.143 


342.448 


1138.213 


16 


1.291 


4.179 


13.706 


86 


.127 


481.712 


1416.015 


17 


1.150 


5.269 


17.282 


37 


.113 


544.287 


1785.261 


18 


1.024 


6.645 


21 . 780 


88 


.101 


686.511 


2250.756 


19 


.899 


8.617 


28.265 


89 


.090 


865.046 


2887.350 


20 


.812 


10.566 


84.656 


40 


.080 


1091.865 


3581.317 



* At 24° C. 
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tablb xvm 

Hesiatanee of Wires * 

(Chemically pure, 1 m. long, 1 mm. in diameter, at O"" C.) 

Belatire to silyer. 

Copper (hard drawn) 0.03104 ohm 1.086 

German silver 0.26»50 " 13.92 

Iron (annealed) 0.12510 " 6.46 

Lead 0.26270 " 13.05 

Platinum 0.11660 " 6.022 

SUver 0.01987 *' 1.000 



Table XIX 

For computing the Itesistanee of Wires 

Values of JT at 20OC. 

Aluminum 19.00 

Copper 10.45 

German silver 128.29 

Iron 63.35 

Lead 120.28 

Mercury 58.24 

Platinum i 59.02 

Silver 9 . 84 

The resistance of a wire may be computed by means of the equa- 
tion, 

in which iT is a constant depending upon the material and condition 
of the wire, I is the length of the wire in feet, and d is its diameter in 
thousandths of an inch. 

* Jenkin and Ayrton. 
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Table XX 

Temperatu/re Coefficients of Resiatance 

Aluminum 0.00390 

Carbon 0.0004 to 0.0006 

Copper 0.00388 

German silver .0004 

Iron -. 0.00463 

Iron-manganese-copper alloy * Practically zero. 

Mercury 0.00088 

Platinum 0.00247 

Platinoid f . 00022 



Table XXI 

Approximate Electromotive Force of Primary Batteries 

Volte. 
Daniell, amal. zinc, HaS04 + 4 Aq., CUSO4 concentrated sol. . . 1.079 
Daniell, " " HaSO* + 12 Aq., " *' ''...0.978 

Leclanch^, zinc in saturated solution of NH4CI 1 .32 

Potassium bichromate 2.00 

Edison-Lalande 0.70 



Table XXII 

Velocity of Sound at 0° G. 

Air 332 meters per sec 

Brass 3,318 

Copper 3,556 

Glass 4,526 

Iron 5,127 

Steel 5,237 

Water (at 8M C.) 1,435 

Wood 3,300-4,700 



(( 
tt 
ti 
tt 
tt 
tt 
tt 



* Eighteen per cent ferro-manganese according to Nichols, 
f German silver with one or two per cent of tungsten. 
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Tablb XXUI 

Indieet of Refraclion 

(For the mean D line.) 

Air 1.00029 

Alcohol 1 .381 

Cu-bon disulphidc 1,836 

Crown glass 1 .515 

Diamond 8.47-3,75 

Flint glass. 1.54-1 .71 

Water 1.888 



Table XXIV 
Trigonometrieal Functiima * 







Tuigmt 


ii 


jcounguit. 


Ii 


Owing. 


ii 




ft' 


0.000 


17 
18 


0,000 




o 




1.000 








90° 






0,017 


18 


57.30 




1.000 




3 


0,035 


0,035 


; 28,64 




0.999 


88 


» 


0.053 


18 
17 


0,053 


18 


19,08 




0.999 


87 






0.070 


14.30 




0.998 


a 




5 


0.067 


0.087 


18 
18 
18 


1 11,43 




0.996 


85 


« 


0.105 


0.105 


: 9,514 




0.995 


2 

a 

3 


84 










1 8.144 








8 


0.139 


17 
18 


0.141 


7,115 


811 
643 


0.990 


ra 


U 


0,156 


0.158 


18 


8.314 


0.988 


81 


10= 


0,174 




0,176 




5.671 




0.985 




80° 


11 


0.191 


17 
17 
17 
17 
17 
17 
16 


0.194 


IB 
19 

18 


5U. 


626 

440 
374 
320 
279 
345 
316 
193 
174 
157 


0.B82 


8 


79 


18 


0.808 


0,313 


4,705 


0,978 


78 


IK 


0.325 


0.331 


4.331 






U 


0,243 


0,349 


16 
10 
19 
19 
19 
20 


4.011 


0.970 


76 


in 


0,259 


0,2«e 


3.733 




5 
5 
6 


T5 


irt 


0,876 


0,287 


3.487 


0.961 


74 


17 


0,292 


0,306 


3.371 


0.958 


73 


IK 


0,309 


16 


0.335 


3,078 


0.951 


73 


111 


0,336 


0.344 


2,904 


0.046 


71 




c«... 


CoUtiKfnt, 


Tuirnt. 


.,„. 


AD(I*. 
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Table XXIY— (Continued) 



An- 
gle. 



20° 

21 
22 
23 
24 
25 
26 
27 
28 
29 

31 
32 
33 
34 
35 
36 
37 
38 
39 

40^ 

41 
42 
43 

44 

45° 



Sine. 



0.342 

0.358 
0.375 
0.391 
0.407 
0.423 
0.438 
0.454 
0.469 
0.485 

0.500 

0.515 
0.530 
0.545 
0.559 
0.574 
0.588 
0.602 
0.616 
0.629 

0.643 

0.656 
0.669 
0.682 
0.695 
0.707 



a 



€ 



16 
17 
16 
16 
16 
15 
16 
15 
16 
15 



15 
15 
15 
14 
15 
14 
14 
14 
13 
14 



13 
13 
13 
13 
12 



Cosine. 



Tangent. 



0.364 

0.384 
0.404 
0.424 
0.445 
0.466 
0.488 
0.510 
0.532 
0.554 

0.577 

0.601 
0.625 
0.649 
0.675 
0.700 
0.727 
0.754 
0.781 
0.810 

0.839 

0.869 
0.900 
0.933 
0.966 
1.000 



Ad 



20 
20 
20 
21 
21 
22 
22 
22 
22 
23 



24 
24 
24 
26 
25 
27 
27 
27 
29 
29 



30 
31 
33 
32 
35 



Cotangent. 



Cotangent. 



2.747 

2.605 
2.475 
2.356 
2.246 
2.145 
2.050 
1.963 
1.881 
1.804 

1.732 

1.664 
1.600 
1.540 
1.483 
1.428 
1.376 
1.327 
1.280 
1.235 

1.192 

1.150 
1.111 
1.072 
1.036 
1.000 



A«5 



142 

130 

119 

110 

101 

95 

87 

82 

77 

73 



67 
64 
60 
57 
55 
52 
49 
47 
45 
43 



42 
39 
39 
36 
36 



Cosine. 



Tangent. 



0.940 

0.934 
0.927 
0.921 
0.914 
0.906 
0.899 
0.891 
0.883 
0.875 

0.866 

0.857 
0.848 
0.839 
0.829 
0.819 
0.809 
0.799 
0.788 
0.777 

0.766 

0.755 
0.743 
0.731 
0.719 
0.707 






6 

7 
6 
7 
8 
7 
8 
8 
8 
9 



9 
9 
9 

10 
10 
10 
10 

11 
11 
11 



11 

12 
12 
12 
12 



Sine. 



70^ 

69 
68 
67 
66 
65 
64 
63 
62 
61 

60° 

59 
58 
57 
56 
55 
54 
53 
52 
51 

50° 

49 

48 
47 
46 
45° 



Angle. 



function of the fractional part of an angle may be found by multiply- 
ing the difference between the function of the integral portion of the 
angle and that of the next one in order by the decimal part of the 
angle. The differences just referred to, for all angles up to 90°, are 
given in this table. 
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